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Electronic and optical properties of graphene and graphitic ZnO (G/g-ZnO) nanocomposites have
been investigated with density functional theory. Graphene interacts overall weakly with g-ZnO
monolayer via van der Waals interaction. There is no charge transfer between the graphene and
g-Zn0O monolayer, while a charge redistribution does happen within the graphene layer itself, form-
ing well-defined electron-hole puddles. When Al or Li is doped in the g-ZnO monolayer, substantial
electron (n-type) and hole (p-type) doping can be induced in graphene, leading to well-separated
electron-hole pairs at their interfaces. Improved optical properties in graphene/g-ZnO nanocompos-
ite systems are also observed, with potential photocatalytic and photovoltaic applications. © 2013
American Institute of Physics. [http://dx.doi.org/10.1063/1.4796602]

. INTRODUCTION

Graphene, a two-dimensional (2D) sp>-hybridized car-
bon sheet, has received considerable interest recently ow-
ing to its intriguing properties.'® Graphene has a high
carrier mobility, with a great potential for graphene-based
electronic devices. Unfortunately, intrinsic electronic proper-
ties of graphene depend sensitively on the substrates, most
of which trend to destroy the intrinsic electronic states
of graphene and significantly lower its carrier mobility
due to strong graphene-substrate interactions. Examples of
such substrates include Si0,,°'2 SiC,13-!7 and some metal
surfaces.'®! Finding an ideal substrate for graphene remains
a significant challenge.

Recently, several 2D graphene-based nanocompos-
ites have been predicted theoretically and successfully
synthesized in experiments, such as graphene/graphitic
born nitride (G/g-BN),>>* graphene/MoS, nanosheet
(G/MoS,),>~?" graphene/MoSe; nanosheet (G/MoSe;),?*%
and graphene/graphitic carbon nitride (G/g-C3N,).’%3!
Importantly, most of them preserve intrinsic properties of
graphene, especially, the high carrier mobility. Moreover,
tunable band gaps can be opened at the Dirac point in
these nanocomposites with a great potential for field effect
transistors (FETs). Therefore, it would be very interesting to
design and study new 2D graphene-based nanocomposites.

ZnO nanofilms and nanoparticles have been used with
graphene as composite materials to obtain higher per-
formance in applications, such as photovoltaic cells,’?-’
supercapacitors,’®* and FETs.*® In fact, it is predicted
by first-principles calculations?'** and then confirmed
experimentally* that ZnO(0001) film prefers a graphitic hon-
eycomb structure when the layer number is reduced. 2D g-
ZnO monolayer exhibits interesting electronic and magnetic
properties.**=° Therefore, besides commonly focused elec-
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tronic structures, we expect more exciting new properties
from a G/g-ZnO nanocomposite, such as optical properties.

At the same time, doping in the substrate materials of
graphene based nanocomposites is a rarely studied topic. Im-
purities doped in ZnO nanomaterials, such as Al, Li, Cu, and
N atoms substitutes, can significantly affect the properties of
7Zn0.>1-33 Furthermore, impurities (Co, B, N, and C) have also
been found to play an important role in g-ZnO monolayer.**->°
Therefore, different impurities doped in g-ZnO monolayer
are also expected to induce electronic and optical property
changes for G/g-ZnO nanocomposites.

In the present work, electronic structures and optical
properties of G/g-ZnO nanocomposites have been investi-
gated via first-principles calculations. Graphene is found to
interact weakly with g-ZnO monolayer via weak van der
Waals (vdW) interactions. Thus, intrinsic electronic proper-
ties of graphene, especially, high carrier mobility, can be pre-
served in G/g-ZnO nanocomposites. Electron-hole puddles
on the graphene layer in G/g-ZnO nanocomposite are pre-
dicted, while well-separated electron and hole at the interfaces
of G/doped g-ZnO nanocomposites are expected. Moreover,
G/g-ZnO nanocomposites display different optical absorption
compared to simplex graphene and g-ZnO monolayer.

Il. THEORETICAL MODELS AND METHODS

The lattice parameters of graphene and g-ZnO monolayer
calculated to setup unit cell are 2.47 and 3.29 A, which fully
agree with previous experimental measurements and theoret-
ical studies.”*° In order to simulate the G/g-ZnO nanocom-
posite, a 4 x 4 supercell of graphene (32 carbon atoms) is
used to match a 3 x 3 supercell of g-ZnO monolayer (9 oxy-
gen and 9 zinc atoms) with the lattice mismatch less than 1%
(Fig. 1). Al and Li atoms substituted at Zn sites with a doping
concentration of 1.2x10'* cm~? are considered.

First-principles calculations are based on the density
functional theory (DFT) implemented in the VASP package.>*

© 2013 American Institute of Physics
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FIG. 1. Atomic structures of the G/g-ZnO nanocomposite ((a) top view and
(b) side view). The gray, red, and blue balls denote carbon, oxygen, and zinc
atoms, respectively.

The generalized gradient approximation of Perdew, Burke,
and Ernzerhof (GGA-PBE)*® with van der Waals correction
proposed by Grimme (DFT-D2)*° is chosen due to its good
description of long-range vdW interactions.’’-%> The energy
cutoff is set to be 500 eV. The two-dimensional Brillouin zone
is sampled with a 5 x 5 regular mesh and 480 k points are
used for calculating the tiny band gaps at the Dirac point of
graphene in the 4 x 4 supercell. The vacuum space in the Z di-
rection is 15 A to separate the interactions between neighbor-
ing slabs. All geometry structures were fully relaxed until the
convergence criteria of energy and force are less than 1075 eV
and 0.01 eV/A, respectively. Dipole correction is employed to
cancel the errors of electrostatic potential, atomic force, and
total energy, caused by periodic boundary condition.®?

To investigate the optical properties of G/g-ZnO
nanocomposites, the frequency-dependent dielectric matrix is
calculated.®* The imaginary part of dielectric matrix is deter-
mined by a summation over states as

2,2
_dme lim l Z 208 (wex — Wy — W)
09 (1)

"

Eup = 3

X <Mck+em, [ evk) (MckJrem, |l"LUk)*s

where ¢ and v represent the conduction and valence band
states, respectively. . refers to the periodic part of the wave-
functions at the k point.

In order to evaluate the stability of hybrid G/g-ZnO
nanocomposite, the interface binding energy is defined as

E, = EG/g—ZnO - EGraphene - Eg—ZnOv (2)

where EG/g7005 EGraphene> and Eg.zno represent the total en-
ergy of G/g-ZnO nanocomposite, pristine graphene, and g-
ZnO monolayer, respectively. As an benchmark, DFT-D2 cal-
culations give a good bilayer distance of 3.25 A and binding
energy of —25 meV per carbon atom for bilayer graphene (a
= b =247 A), which fully agree with previous experimental
measurements® % and theoretical vdW calculations.®’

lll. RESULTS AND DISCUSSION

Electronic properties of pristine graphene and g-ZnO
monolayer are investigated first and their electronic band
structures are plotted in Fig. 2. Monolayer graphene is a zero-
gap semiconductor (Fig. 2(a)), showing a linear Dirac-like
dispersion relation E(k) = tfivg|k| around the Fermi energy,
where vy is the Fermi velocity and equal to 0.8 x 10°m/s
in our band calculations, which agrees well with previous
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FIG. 2. Electronic band structures of (a) graphene, (b) g-ZnO, (c) Al, and
(d) Li doped g-ZnO monolayers. The vacuum level is set to zero and the
Fermi level is marked by red dotted lines.

theoretical studies,”*%® although DFT calculations underes-

timate the Fermi velocity of graphene by 15%-20%.%° Mono-
layer g-ZnO is semiconducting with a direct band gap of
1.67 eV (Fig. 2(b)), which agrees well with previous theo-
retical studies,**>° although GGA-PBE calculations always
underestimate this value.”” A calculation with screened hy-
brid HSE06 functional’! has given a band gap of 3.25 eV.%°
For doped g-ZnO monolayer (Figs. 2(c) and 2(d)), similar to
other ZnO nanomaterials,’> Al and Li atom substitutions in-
duce n-type and p-type doping, respectively.

DFT-D2 calculated adsorption behaviors of G/g-ZnO
nanocomposite systems are listed in Table 1. A typical
vdW equilibrium spacing of about 3.14 A with a corre-
sponding small binding energy of —51 meV per carbon
atom are obtained for pristine g-ZnO monolayer, which
are comparable with recent theoretical calculations in other
2D graphene-based nanocomposites, such as G/g-BN,*>2*
G/MoS,,%° G/MoSe,,* and G/g—C3N4.31 Even for doped g-
ZnO monolayers, the interlayer distance and binding energy
do not change much. Moreover, our DFT-D2 calculations on
the G/g-ZnO nanocomposites are also fairly similar to re-
cent more sophisticated calculations based on the random-
phase approximation (RPA)’>"7# for other graphene-substrate
nanocomposites.”>"?

Electronic band structures of different G/g-ZnO
nanocomposites are shown in Fig. 3. Only tiny band gaps of
5,7, and 11 meV are opened at the Dirac point of graphene
adsorption on pristine, Al and Li doped g-ZnO monolayers,
respectively. Test calculations with a coarser k-point grid

TABLE I. DFT-D2 calculated equilibrium interfacial distance Dy (A), bind-
ing energy per carbon atom Ej, (meV), graphene Dirac point shifts relative
to the Fermi level AEp (eV) in different G/g-ZnO nanocomposites, and the
work function Wy (eV) of different g-ZnO monolayers. The work function of
graphene is calculated to be Wy = 4.3 eV in this work. Previous theoretical
results are 4.2-4.7 eV'$20 and experimental measurements are 4.6 eV.80-8!

DFT-D2 Dy Ep AEp Wy
Pristine 3.14 -5l 0.00 ..
Al doped 3.09 —-62 —0.69 3.1
Li doped 3.16 —52 0.38 5.5
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FIG. 3. Electronic band structures of (a) G/g-ZnO, (b) G/Al doped g-ZnO,
and (c) G/Li doped g-ZnO nanocomposites. The Fermi level is set to zero and
marked by red dotted lines.

indicate that hybrid HSEO6 functional only slightly broaden
the band gaps. These band gap values are significantly
lower than thermal fluctuation (about 25 meV) at room
temperature. Notice that induced graphene band gaps are
typically sensitive to external conditions, such as interlayer
separation,”>?* thus tunable, with potential applications for
graphene-based FETs.

The Fermi level of G/g-ZnO nanocomposite remains
in the induced gap, indicating that no charge transfer
exits between graphene and undoped g-ZnO monolayer.
This is also supported by their differential charge density
(Ap = p(G/g-ZnO) — p(Graphene) — p(g-ZnO)) plotted in
Fig. 4(a). Notice that the inhomogeneous g-ZnO substrate
induces charge redistribution in the graphene plane, form-
ing intralayer electron-hole puddles,'” which may signifi-
cantly enhance the electron conductivity and/or generate new
photovoltaic and catalytic activities.’! Moreover, from elec-
tronic band calculations, the Fermi velocity at the Dirac
point of graphene is almost unchanged (v#(G/g-ZnO) = 0.8
x 10 m/s) in G/g-ZnO nanocomposite compared to free-
standing graphene.?* % Therefore, pristine g-ZnO can be used
as an ideal substrate for graphene with its electronic structures
undisturbed.

Different charge rearrangement has been found in
G/doped g-ZnO nanocomposites. Al and Li doped g-ZnO
monolayers have a work function either 1.2 eV smaller or the
same amount larger than that of pristine graphene as listed in
Table 1. Based on the Schottky-Mott model,?” the Dirac point
of the composite systems is moved to below and above the
Fermi level (Figs. 3(b) and 3(c)), respectively. As shown in

(a) (b) (c)

FIG. 4. Differential charge density with a isosurface value of 0.002 /A3 for
(a) G/g-ZnO, (b) G/Al doped g-ZnO, and (c) G/Li doped g-ZnO nanocom-
posites. The red and blue regions indicate electron increase and decrease,
respectively.
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Figs. 4(b) and 4(c), electron-hole pairs are well separated at
the interfaces of G/doped g-ZnO nanocomposites.

Based on the linear dispersion around the Dirac point
of graphene,’ the charge carrier (electron or hole) concen-
tration of doped graphene can be estimated by the following
equation:3%84

(AEp)?
JT(hl)F)z ’

Neyw = 3)
where AEp is the Dirac point shift relative to the Fermi
level. The calculated charge carrier density is N,(G/n-type
g-Zn0) = 3.5 x 10" cm~2 and N,(G/p-type g-ZnO) = 1.1
x 103 cm™2. These values are remarkably close to the hole
density (3.0 x 10'* cm™2) of graphene on O-terminated
TiO, surface® and more than 3 orders of magnitude larger
than the intrinsic charge carrier concentration of graphene at
room temperature (n = nkéTzléhv% =6 x 10'° cm™2)."”7
Compared to the charge carrier density of isolated Al and
Li doped g-ZnO monolayers (n = mAE/mh?, where AE is
the difference between the Fermi level and conduction band
minimum or valence band maximum),85 the charge transfer
efficiency is about 45% and 20%, respectively. Due to the un-
derestimation of the band gap of g-ZnO monolayer, HSE06
calculations give even stronger charge transfer. Therefore, the
charge transfer at the G/doped g-ZnO interfaces can induce
effective electron and hole doping in graphene for graphene-
based Schottky diodes®** and p-n junctions.”*%

Finally, optical properties of G/g-ZnO nanocomposites
are studied. Pristine graphene and g-ZnO monolayer them-
selves display unique optical properties.®** Interlayer inter-
actions in G/g-ZnO nanocomposites may induce new optical
transitions.’"% Fig. 5 plots the imaginary part of dielectric
functions for the light polarization perpendicular to the plane
of graphene. Absorption edges should have a rigid shift (about
1.5 eV) due to the underestimation of the band gap in DFT
calculations,” but it has been shown that the tendency of cal-
culated optical properties in this way is reasonable.®3°%%7 The
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FIG. 5. Imaginary part (¢”) of dielectric function of graphene and g-ZnO

monolayers as well as corresponding G/g-ZnO nanocomposites for the polar-
ization vector perpendicular to the surface.
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G/g-ZnO nanocomposite exhibits more effective UV absorp-
tion and enhanced visible light response, compared with g-
ZnO monolayer. Redshift of the absorption edge is as large as
1.0 eV (100 nm) for G/g-ZnO nanocomposite, because elec-
trons can now be directly excited from the valence band of
graphene to the conduction band of g-ZnO monolayer.

Al doped n-type g-ZnO monolayer displays expanded op-
tical absorption from UV into visible light and can harvest a
broad range (400-600 nm) of visible light efficiently, while
that is not found in Li doped p-type g-ZnO monolayer. For
G/doped g-ZnO nanocomposites, the light absorption is much
more complex. They still display much more effective UV ab-
sorption than doped g-ZnO monolayers. For G/n-type g-ZnO
nanocomposite, there is an enhanced visible light response in
the range of 300-400 nm but a small reduction in the range
of 400-600 nm owing to part of electrons in n-type g-ZnO
monolayer transfer into the graphene layer.

With the excellent electronic and optical properties com-
bined, 2D G/g-ZnO nanocomposites are expected to be
with a great potential in photocatalytic and photovoltaic
applications.?!-#3-6 Electronically, the electron conductivity
is enhanced, and also there are separating electrons and holes.
Optically, UV and visible light adsorption is also enhanced
compared to simplex graphene and g-ZnO monolayer.

IV. CONCLUSIONS

In summary, we have investigated electronic structures
and optical properties of hybrid G/g-ZnO nanocomposites
via first-principles calculations. Graphene is found to inter-
act weakly with g-ZnO monolayer via weak vdW interac-
tions. Electron-hole puddles are formed on the graphene layer
in G/g-ZnO while they are well separated in G/doped g-
ZnO nanocomposites. Substantial electron and hole doping
in graphene on Al doped n-type and Li doped p-type g-ZnO
monolayer, respectively, are induced by substrate. However,
only tiny band gaps (meV) are opened at the Dirac point of
graphene in all cases. High carrier mobility of graphene can
be preserved in G/g-ZnO nanocomposites. Moreover, hybrid
G/g-Zn0O nanocomposites display enhanced and extended op-
tical absorption compared to simplex graphene and g-ZnO
monolayer.
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