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We have studied the structural and optical properties of semi-fluorinated bilayer graphene using density functional
theory. When the interlayer distance is 1.62 A, the two graphene layers in AA stacking can form strong chemical bonds.
Under an in-plane stress of 6.8 GPa, this semi-fluorinated bilayer graphene becomes the energy minimum. Our calculations
indicate that the semi-fluorinated bilayer graphene with the AA stacking sequence and rectangular fluorinated configuration
is a nonmagnetic semiconductor (direct gap of 3.46 eV). The electronic behavior at the vicinity of the Fermi level is mainly
contributed by the p electrons of carbon atoms forming C=C double bonds. We compare the optical properties of the semi-
fluorinated bilayer graphene with those of bilayer graphene stacked in the AA sequence and find that the semi-fluorinated
bilayer graphene is anisotropic for the polarization vector on the basal plane of graphene and a red shift occurs in the [010]
polarization, which makes the peak at the low-frequency region located within visible light. This investigation is useful to

design polarization-dependence optoelectronic devices.
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1. Introduction

The first experimentally obtained stable atomic mono-
layer material is graphene.!!?! Due to its promising electronic
mobility, robustness, and high crystal quality,>>) graphene
has attracted a great deal of attention. However, its semimetal-
lic nature is problematic with regard to developing usable
graphene transistors and devices. Although there are abun-
dant investigations on tailoring the material’s electronic prop-

6-23

erties in experiment and theory, [®-23 this field remains a major

challenge. One alternative solution is to move to the multi-
layer derivatives.!22427 For example, bilayer graphene has

a gap tunable via chemical doping or by applying an exter-

[24

nal gate voltage.!”*! Another method for changing the elec-

tronic properties of the material is via chemical function-

p,112-17 18-21]

alization of radicals, such as hydroge I oxygen,!

5,[28-341 which rehybridizes the C atoms

and fluorine atom
Zhou et al.

hydrogenated graphene labeled graphone with a triangular hy-

from sp? to sp’. first investigated semi-
drogenated configuration.3>3] Their calculations indicated
the ferromagnetism and a smaller band gap of ~ 0.67 eV
in this configuration.®! As for the bilayer graphone, unlike
the graphone sheet, the system is nonmagnetic but remains
metallic.[*”] Using geometry optimization, Feng and Zhang
found the stable structure of semi-hydrogenated graphene with
a rectangular hydrogenated configuration. The rectangular

graphone is antiferromagnetic and has an indirect band gap
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of ~2.45 eV.l!7]

Furthermore, recent studies indeed clarified that bilayer
graphene is also an interesting material on its own. Bilayer
graphene exists in two stacking modifications, the AB stacking
and AA stacking. Previously, most efforts have focused on the
AB stacked bilayer graphene. Since 2009, the experimental re-
alization of the AA-stacked graphene has been reported, 3738
very limited theoretical investigations were focused on the
AA-stacked bilayer graphene (AA-BLG).[?¥#?! The advan-
tage of the AA-stacked graphene is the honeycomb pattern
favorable for electron traffic, which is similar to that of an iso-
lated graphene layer. An important feature of the AA-BLG
is that the hole and electron Fermi surfaces coincide in the un-
doped material and such a band structure is unstable. The free-
standing AA-BLG is a semiconductor with an indirect band
gap of 0.91 eV.1*1*2] Our interest on functionalized AA-BLG
is driven to extend the family of graphene-based materials and
to create materials with a direct band gap in the electronic
band structure, which could be applied in electronics, opto-
electronics, etc. As for the optoelectronics, the material is bet-
ter with a direct or quasidirect band gap. To engineer the struc-
tural and electronic properties of the AA-BLG, we can dope it
with appropriate dopants, choose the substrate, and apply a
gate voltage, or apply a combination of these methods. %! We
have found another polymorphic form of one semi-fluorinated
graphene and one unfluorinated graphene layer stacked in the
AA sequence, where carbon atoms located in top positions
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and the two layers establish strong covalent bonds with a dis-
tance of about 1.62 A. The semi-fluorinated graphene layer
has a rectangular fluorinated configuration. The unfluori-
nated graphene layer forms double bonds (1.35 A). The semi-
fluorinated bilayer graphene is a wide gap semiconductor with
a 3.46 eV direct band gap. Furthermore, the optical properties
are calculated and the results indicate that the semi-fluorinated
bilayer graphene is anisotropic for the polarization vector on
the graphene plane and with the peak at the low-frequency re-
gion located within visible light in [010] polarization. The
anisotropic features are unexpected in other graphene-related
systems, such as graphite, graphene, and bilayer graphene.
This investigation is useful to design polarization-dependence
optoelectronic applications.

2. Computational details

In order to investigate the structural and optical prop-
erties of semi-fluorinated bilayer graphene, we have carried
out the following calculations. In the calculation of geome-
try relaxation and optical properties, density functional theory
(DFT) calculations are performed with the CASTEP code!*3!
using the general gradient approximation**! (GGA), Perdew—
Burke-Ernzerholf (PBE) exchange correlation functional, and
norm-conserving pseudopotential. In order to eliminate the
interactions between graphene sheets, the vacuum space is
set as 25 A along the direction perpendicular to the carbon
plane. The 8x8x1 k-points in the reciprocal space follow-
ing the Monkhorst-Pack scheme are used. The structure is
relaxed with a cutoff energy of 940 eV. No symmetry con-
straints are used. The convergences of energy and force are
set as 107 eV and 0.01 eV/ A, respectively. The phonon fre-
quencies are calculated using the linear response technique
within the CASTEP code.*}) Molecular dynamics simula-
tions are performed using DFT within GGA[*4 with the PBE
parametrization as implemented in the DMol® program. ]
All-electron treatment and double numerical basis including d-
and p-polarization functions (DNP) are used. The convergence
of energy in the self consistent field is set as 1 x 10~® Hartree.
The thermal stability of semifluorinated bilayer graphene is
considered in the NVT ensemble with a Nose—Hoover ther-
mostat at 7 = 300 K. Because hybrid functional calculations
can give a more accurate band gap, the band gap is also cal-
culated by using the Heyd—Scuseria—Ernzerhof 2006 (HSE06)
approximation. [46]

3. Results and discussion
3.1. Structural properties and stability

The optimized geometric structure of the semi-fluorinated
bilayer graphene stacked in AA sequence is shown in Fig. 1.
On the top layer, the fluorinated carbon is labeled Al, the

unfluorinated carbon is labeled A2, and the carbons under-
neath are labeled B1 and B2, respectively. The polymorph
obtained in this investigation is with 8x4 membered rings
and has a rectangular functionalized configuration. The semi-
fluorinated graphene layer and the graphene layer undergo a
reconstruction with A2 and B2 carbon atoms forming a cova-
lent bond. The distance between the two graphene layers is
about 1.62 A, which is longer than that in freestanding AA-
BLG (1.56 A).[*!l The bond length between F and Al atom
is about 1.39 A, while the intralayer bond lengths of Al—
Al, A1-A2, A2-A2, B1-B2, and B2-B2 are about 1.60 A,
1.54 A, 1.57 A, 1.51 A, and 1.61 A, respectively. The re-
maining B1 carbon atoms form a Cgp :Cgp double bond and
the bond length is about 1.36 A. The angles between adjacent
C-C bonds are ZA1A1A2 =113.83°, ZA1A2A1 =110.94°,
ZA1A2B2 = 112.94°, ZA2B2B1 = 104.85°, ZB2B1B1 =
118.82°, and Z/B2B1B2 = 114.30°, while the angles between
adjacent C-F and C-C bonds are ZFA1Al = 101.97° and
ZFA1A2 = 107.29°. The distance between Al and A2 two
carbon planes is about 0.61 A, while that between B1 and B2
is about 0.38 A.
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Fig. 1. (color online) (a) Top and (b) side views of the semi-fluorinated
bilayer graphene in AA configuration. Carbon atoms on top and bottom
layers are colored with gray and black, respectively. Fluorine atoms are
colored with blue.

To confirm the dynamical stability of the semi-fluorinated
bilayer graphene stacked in AA sequence, the phonon dis-
persion curves have been calculated (Fig. 2). There are no
imaginary frequencies observed throughout the whole Bril-
lioun zone, indicating that this compound is dynamically sta-
ble.
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Fig. 2. Phonon dispersion in the semi-fluorinated bilayer graphene.

Furthermore, molecular dynamics simulations have been
performed, applying the same method and parameter settings
with Ref. [27]. The fluctuations of the temperature and po-
tential energy in the semi-fluorinated bilayer graphene with
AA configuration are plotted in Fig. 3. The compound suf-
fers a slight distortion after 3 ps with the time step of 1 fs,
but after full geometry relaxation again, it can be re-optimized
back to the previous static structure. It indicates that the com-
pound stacked in AA sequence can also be maintained at room
temperature. We also investigate the stability of the semi-
hydrogenated bilayer graphene with 8 x4 membered rings in
AA configuration and compare it to the case of the compound
with 7x5 membered rings in AB configuration predicted by
Zhou et al.?"! The results indicate that our semi-hydrogenated
bilayer graphene has lower energy than that in Ref. [27]. At
room temperature, the equilibrium energy of our AA configu-
ration is about —16631.78 eV, while that of the AB configu-
ration is about —16627.69 eV in Ref. [27]. The large energy
difference (about 4.1 eV) is mainly due to the different hydro-
genated sites, comparable to the case in monolayer graphene,
the energy difference between triangular and rectangular con-
figurations being about 3.44 and 2.95 eV per cell comprising
eight carbon atoms in our calculations for semi-hydrogenated
and semi-fluorinated, respectively.
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Fig. 3. Fluctuations of (a) temperature and (b) potential energy in the
semi-fluorinated bilayer graphene as a function of time (step 1 fs) dur-
ing MD simulation.
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The optimized lattice parameters of the semi-fluorinated
bilayer graphene are a = b = 5.10 A. The semi-fluorinated bi-

layer graphene is a semiconductor with a 2.50 eV direct energy
gap at the F' point at the PBE level of theory as shown in Fig. 4,
whereas the Heyd—Scuseria—Ernzerhof gap is 3.46 eV, which
is more accurate. The band gap of the AA-BLG (1.25 eV in-
direct band gap in our calculation) is widened, and the trans-
formation from indirect to direct band is induced by the rect-
angular fluorination, which is necessary for the practical ap-
plications. The top of the valence bands and the bottom of the
conduction bands are mainly occupied by the p electrons from
B1 atoms forming Cfp :Cgp double bonds.

When the interlayer distance is 1.62 A, the two graphene
layers in AA stacking can form strong chemical bonds. Un-
der an in-plane stress of 6.8 GPa, this semi-fluorinated bilayer
graphene becomes the energy minimum. Therefore, a possible
way to induce the proposed semi-fluorinated bilayer configu-

ration would be to apply an in-plane stress, maybe by growing

epitaxially graphene layers on some appropriate substrate with
41]

enough lattice mismatch, as the case in AA-BLG.!

Energy/eV

—10

—
_

P~ _
._\/ i
r F K 1

PDOS/eV—1

Fig. 4. (a) Electronic band structure of the semi-fluorinated bilayer
graphene together with (b) the partial density of states (PDOS) of car-
bon atoms (labeled B1) forming double bonds.

3.2. Optical properties

The optical properties of the semi-fluorinated bilayer
graphene have been calculated and compared with those of the
AA-BLG. In our calculations, the intraband contribution to the
optical properties is not considered, which mainly affects the
low energy infrared part of the spectra. In Fig. 5, the [100]
and [010] directions are both on the basal plane of graphene
and represent the incident radiations with linear polarizations
perpendicular and parallel to the C=C double bonds, respec-
tively.

There are a few good first-principles studies to date on
the dielectric constants of 2D materials.!*7*° As mentioned
in Ref. [47], quantum confinement is strong at small thickness,
which gives rise to a very small & in the low-energy range.
Overall, the in-plane components (interband transition) of &
increase with increasing film thickness at all frequencies, con-
versing towards a constant value, while the general profile of

037305-3



Chin. Phys. B  Vol. 25, No. 3 (2016) 037305

the in-plane interband & is consistent. In our calculation, for
the dielectric functions &, presented in this work, we have first
multiplied &, directly from CASTEP calculations by ¢ = 25 A
and then divided it by the nominal film thickness /s, where h
is 4.95 A and 5.96 A for AA-BLG and semi-fluorinated bi-
layer graphene, respectively (% is the sum of the thickness of
graphene (3.35 A) and the corresponding bulk).
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Fig. 5. Calculated imaginary part of the dielectric function as a function
of the photon energy for (a) AA-BLG and (b) semi-fluorinated bilayer
graphene.

The result of AA-BLG is plotted in Fig. 5(a). In [100] and
[010] polarizations, & (®) has two peaks at about 4.5 eV and
10.5 eV, implying that AA-BLG is isotropic for the polariza-
tion vector on the basal plane of graphene. The first main peak
of &(w) located at 4.5 eV is weaker than the second main
peak at about 10.5 eV. In the case of semi-fluorinated bilayer
graphene shown in Fig. 5(b), in the [100] polarization, there is
only one prominent peak around 10.5 eV and with two shoul-
ders below it, while in the [010] polarization, there are two
main peaks at about 3.0 eV and 10.5 eV and with one shoul-
der below the latter, implying that the semi-fluorinated bilayer
graphene is anisotropic for the polarization vector on the basal
plane of graphene. The intensity of the peak around 10.5 eV
in both two polarizations decreases largely, which makes the
two peaks of & () located around 3.0 eV and 10.5 eV be-
come comparable. The & (®) has a red shift in the [010] po-
larization, which makes the peak at the low-frequency region
located within the visible light.

4. Conclusion

In this work, the structural and optical properties of
the semi-fluorinated bilayer graphene have been investigated.
Our calculations indicate that the semi-fluorinated bilayer
graphene with AA stacking sequence and rectangular fluori-
nated configuration is dynamically stable and can be main-
tained at room temperature. When the interlayer distance is
1.62 A, the chemical bonding occurs, the system is formed by
8 x4 membered rings. Under an in-plane stress of 6.8 GPa, this

semi-fluorinated bilayer graphene becomes the energy mini-
mum. The semi-fluorinated bilayer graphene is a semicon-
ductor with a 3.46 eV direct band gap at the F point. The
p electrons from the B1 atoms are mainly responsible for the
electronic behavior at the vicinity of the Fermi level. Further-
more, the semi-fluorinated bilayer graphene is anisotropic and
has a peak at the low-frequency region located within visible
light in the [010] polarization.
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