Electronic properties of vacancies in bilayer graphane
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Abstract

We have performed the ab initio hybrid density functional theory (DFT)
calculations to investigate the electronic structure of various neutral and
charged vacancies (Vg, Veou, Ve, Vo_cmg and Ve_¢) in a diamond-like bi-
layer graphane. In the neutral state, the identified vacancies create the en-
ergetically unfavorable dangling bonds which are significantly stabilize by
electron ejection (+1 state) mechanism. The studied vacancies introduce
the electronic states within the band gap, which are either metallic or semi-
conducting in nature. The metallic vacancies posses a magnetic moment of
1.00 pp. The charge states modulation alters the electronic character of the
vacancies and suppresses the induced magnetic moment. Our study demon-
strates that the vacancies in a diamond-like bilayer graphane structure could
have potential applications in nanoelectronics and band gap related energy
storage devices.

Keywords: Diamond-like bilayer graphane, Density Functional Theory,
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1. Introduction

The idea of graphene derivatives (graphane [1, 2], flourographene [3],
chlorographene [4]) became popular when opening the band gap in graphene
received a lot of research attention. Graphene has the peculiar charge car-
riers behaving as the massless Dirac fermions in the reciprocal space, exotic
quantum Hall effect, the charge carriers have ballistic mobility at room tem-
peratures, high specific surface area and semi-metallic in nature [5, 6, 7, §].
Theoretically, a single layer graphane system should be made of the hydrogen
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(H) atoms attached to the two distinct carbon (C) sublattices of graphene
plane in an alternative manner [1]. Currently, the hydrogenation mechanism
is widely applied to various two dimensional (2D) materials such as hexagonal
boron nitride, phosphorene etc. to alter their physical properties [9, 10, 11].
The most popular single layer graphane samples were obtained from the H
plasma exposure to graphene at relatively low temperature [2]. Although
graphane samples are inherently two dimensional structurally, they posses a
tetragonal network with sp? hybridized bonds around the C atoms, and are
thermodynamically stable at room temperatures [2].

Experimental characterization of the single layer graphane samples con-
ducted using transmission electron microscopy (TEM) [2] reveals an insu-
lating character, in agreement, ab initio previous studies report the rel-
atively wide band gap depending on the exchange correlation functional
used [1, 12, 13, 14]. Based on the noted properties, graphane seems to be
suitable for various electronic and energy storage device applications. Bi-
layer graphane proposed by Leenaerts et al. [15] has a fascinating bonding
network because the process of hydrogenation on the bilayer graphene struc-
ture occurs only on the outer sides of the surfaces. One C sublattice is
hydrogenated while the other C sublattice is with bare H atom. Due to this
structural arrangement, there is enforcement on the bare H carbon atoms to
bend inwards on both layers forming out of plane C-C covalent bonds over-
coming the intrinsic van der Waals bonding, showing a diamond-like bilayer
graphane network [15, 16, 17].

Although the single layer and bilayer graphane systems have similar elec-
tronic characters [15], the later is more robust due to bilayer network bond-
ing [18, 19]. During the structural characterization of single layer graphane
using experimental methods, the atomic vacancies were noted [2], and were
attributed to the effects of plasma damage and due to this, the induced
mid-gap states were reported. Defects such as vacancies and substitutional
impurities play a pivotal role in determining the new applications of the
material systems, and they usually affect the electronic and optical proper-
ties. Vacancies in single layer graphane create the unpaired electrons (dan-
gling bonds) responsible for newly added localized states within the band
gap [2]. The ability to control the defect induced properties is important
for the device operations. In order to achieve this, various theoretical stud-
ies were conducted to study the various properties of missing hydrogen Vg
vacancy and hydrogen-carbon vacancy pair Vo in a single layer graphane
[20, 21, 22]. In bilayer graphane, more unique vacancies are expected to exist
and worth to be characterized. The magnetic moment of 1.00 pp in both
systems was recorded attributing to the difference in the induced electronic
spins. This induced magnetic moment is suppressed through hydrogena-



tion of carbon atoms possesing dangling bonds [22] and also through radical
molecule adsorption [23]. The latter method was also considered in the stud-
ies of other 2D materials containing vacancies [24]. A lithium adatom and
charge states modulation stabilize the vacancy and also increases the mag-
netic moment [25].

In this work, different types of vacancies such as the hydrogen vacancy
(Vi), carbon vacancy (V) and hydrogen-carbon pair vacancy Vg, as well
as the nearest neighbor carbon-carbon pair divacancy (Vo_¢) are created in a
diamond-like bilayer graphane, and studied using a hybrid density functional
approach. The thermodynamic stability, transition levels, vacancy induced
electronic properties and magnetic moments are evaluated. We also examine
the influence of charge states modulation on the vacancy induced electronic
states.

2. Computational details

The electronic structure of the identified vacancies has been investigated
using the calculations based on the hybrid density functional theory (DFT)
approach implemented within the Vienna ab initio simulation package (VASP)
code [26]. All the calculations were performed by replacing the core-electron
interactions with the pseudopotentials (with 2s?2p? and 1s' valence electrons
of the C and H atoms, respectively) derived from the projector augmented
wave (PAW) methods [27]. The effects of exchange correlation interactions
were addressed using the screened hybrid exchange correlation functional de-
veloped by Heyd, Scuseria, and Ernzerhof (HSE06 functional) flavour [28].
This method has been praised to correctly predict the band gap and defect
transition levels. All the calculations were performed without imposing any
spin restriction.

The Monkhorst-Pack scheme [29] was used to generate the 2x2x 1 k-point
meshes suitable for sampling the Brillouin zone of 6x6 supercell size with
isolated vacancy defect. We used 500 eV energy cut-off to expand the plane
wavefunctions. The calculations were allowed to run until the forces between
the atoms are less than 0.01 eVA~!, using the Hellman-Feynman theorem.
We allowed the total energy of the vacancies to converge to within 10~7
eV during the self-consistent field calculations. In the first-principles calcu-
lations, the periodic boundary conditions plays a significant role, and the
z-axis was set to 20 A to eliminate the fictitious periodic image interactions.

To understand the thermodynamic stability of the diamond-like vacancies
in the various charge state ¢, the formation energies were calculated using
this equation,



qurm(v) = Egot(v) - EtOt(G) - Z N + q(EF + ev) + Ecorr- (1)

The terms El,(Voy) and E;(G) are the total energies of 6x6 supercell
size diamond-like bilayer graphane with vacancy and without vacancy re-
spectively, in various charge states (q). The chemical potentials of H and C
atoms are the total energies of isolated Hy dimer placed in a large cubic cell
of lattice constants a=b=c=20 A and graphene layer respectively, and are
represented by p; in equation 1. n; is the number of atomic H or C atoms.
Er is the the Fermi level position which is an electronic chemical potential
found in the electron reservoir. The €, is the energy level valence band max-
imum (VBM) of a pristine diamond-like graphane system. E.,.. term is the
supercell corrections term for two (2D) dimensional systems accounting for
the elimination of effect of fictitious electrostatic interactions of the charged
vacancy with its periodic images, developed from Refs [30, 31].

3. Results and discussion

3.1. Vacancy configurations studied

In this work, the physical properties of the various vacancies in a 6x6 su-
percell of a diamond-like bilayer graphane structure are investigated. Fig. 1(b-
f) presents the vacancy configurations studied in this paper. The most
popular studied vacancy is the missing H in bilayer graphane denoted as
Vu (Fig. 1(b)) followed by hydrogen-carbon pair vacancy denoted as Veop
(Fig. 1(c)). The other vacancies which cannot exist in a single layer graphane
but possible in diamond-like bilayer graphane are carbon vacancy (Fig. 1(d))
denoted as V¢, divacancy constituted by the nearest neighbor CH pair with C
(Ven—c) (Fig. 1(e)) and lastly divacancy constituted by the nearest neighbor
C atoms from the adjacent layers denoted as Vo_¢ (Fig. 1(f)).

3.2. The energetics of the vacancies

For thermodynamic stability analysis, Table 1 summarizes the calculated
formation energies of each vacancy in diamond-like in the various charge
states (-1,0,+1). When the position of Fermi level is at 0.00 eV calculated us-
ing equation 1, the formation energy of Vg vacancy at a neutral state is low-
est compared to other considered vacancies (Ejorm(Vir) < Eform(Vo—cn) <
Etorm(Ven) < Etorm(Ve—c) < Eform(Ve)), calculated at the same accu-
racy level. As expected to be endothermic formation, Vg can be achieved
at a reasonable amount of energy compared to its single layer counterpart
[17]. Evidently, our formation energy for Vg is lower than those reported in
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Figure 1: (a) The unit cell of pristine bilayer graphane. Different vacancies (b) Vg, (c)
Ven and (d) Ve and divacancies (e) Vo_con and (f)Ve_c¢ in bilayer graphane. The C
and H host atoms are indicated by the Yellow and light green spheres, respectively.

Refs [20, 32|, for single layer graphane. Although the Vg vacancy can occur
unintentional during the plasma hydrogenation of bilayer graphane, it can be
created as a result of the application of electric field since it was achieved in
a single layer graphane monolayer [20].

Apart from Vg vacancy, all other vacancies shown in Fig 1 involve the
removal of one or two C atoms as well as the C-H pair which will require high
amount of energy to create. Nonetheless, these vacancies can be achieved
using experimental pathways such as high-energy ion beams, the method used
to create vacancies in a single layer graphene[33]. The reasonable amount of
formation energy of 2.73 eV from divacancy Vo_cop could be attributed to the
possible structural reconstruction on the top layer leading to the formation
of 5-8-5 ringed defect structure during the structural relaxation noted in a
single layer graphane[22].

Table 1: The calculated formation energies (eV) of the different vacancies identified from
bilayer graphane evaluated in various charge states. The bold value indicates the most
stable vacancy at each charge state. The asterisk x indicates results from single layer
graphane. The formation energy of bilayer graphane is approximately —0.50 eV [15].

Vacancies -1 0 +1
Vi 6.69(4.91)%* 1.69(2.23)%*(4.79)%*(3.65)°* —0.62(1.51)%*
Veou 9.37 (9.52)%* 3.89 (6.01)%* 0.29 (3.77)%*
Ve 10.36 5.32 2.57
Vo_on 6.84 2.73 0.31
Veo_co 7.04 4.13 1.95

“Ref[17], *Ref[20], “Ref[32] and ‘Ref[25]
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Figure 2: The calculated formation energies of the various vacancies in their nominal
charge states (-1, 0, +1) within a band gap as a function of the Fermi level. The slope
of each graph corresponds to the charge state. Each point where the two plots intersect
yield the thermodynamic transition levels.

Ejection of an electron (+1 charge state) from these type of vacancies low-
ers the energy of the system significantly compared to neutral calculations
and follows this formation energy sequence: Efopm(Vi) < Eform(Von) <
Etorm(Vo—on) < Eform(Vo—c) < Eform(Ve). It is evident that creating the
vacancies in a bilayer graphane system leaves energetically unfavorable dan-
gling bonds which can be reduced through H passivation [22] or electron ejec-
tion. It is noted that Vg vacancy overlaps with Vo_cpy at +1 charge states
compared to neutral charge state, suggesting that the thermodynamic stabil-
ity of a vacancy configuration over the other is merely charge state dependent.
Addition of an electron into these vacancy configurations substantially in-
creases their formation energies with Vg been lowest following this sequence:
Eform(VH) < Eform(VCH) < Eform(‘/CfCH) < Eform(‘/CfC) < Eform(VC)-
The formation energies for the Vg and Vg vacancies agree very well with
those created in a single layer graphane. Nonetheless, in the -1 charge state,
these defects might not be easily detected under moderate experimental con-
ditions.

Fig. 2 depicts the calculated formation energies of the considered vacancy
configurations as a function of Fermi level. We only present the formation
energy plots of the most stable charge state. This plot also gives the ther-
modynamic transition levels given by the two lines intersecting shown in
Fig. 2. In Fig. 2, it is evident that the Vg vacancy has the lowest forma-
tion energy while the V& has the highest for the entire plot irrespective of
charge state. The thermodynamic transition levels of all the vacancies occur
at the top part of the band gap towards the CBM, indicating that our sys-
tems have the efficiency of the unpaired electrons in general. The Vg and



V¢ have only the deep donor level (0/41) at E,+2.79 eV and E,+3.29 eV
respectively. It will not be easy to ionize such kind of the vacancies at room
temperatures. For Vp, the 4+1 charge state is stable for the entire band gap
and overlaps with the charge states of other vacancy configurations. This
suggests that, experimentally, the bilayer graphane containing these vacancy
configurations at +1 charge state can exists after been annealed up to higher
temperatures. Using the experimental methods such as perturbed angular
spectroscopy (PAC) and deep level transient spectroscopy (DLTS), a peak
corresponding to (0/+41) belonging to Vg and V¢ should be noted, while for
Vem nothing is expected. Fig. 2 shows that divacancies Voy_¢ and Veo_g
posses both the donor (0/41) and acceptor (-1/0) levels within the band
gap. Eventhough these noted levels are deep, Vo possesses acceptor (-
1/0) level at E.-0.21 eV which can easily be ionized. Although there are no
available experimental data to compare with our values, we expect the ex-
periments to record the two peaks or broad peak associated to donor (0/+1)
and acceptor (-1/0). Since HSE06 functional and correction methods give
better transition level positions in a band gap material [34, 35|, we suggest
the charged structure to be plausible requiring further experimental synthesis
and characterization.

3.3. The electronic properties

Fig. 3 presents the total density of states (DOS) of pristine diamond-like
bilayer graphane structure. In agreement with the previous studies [15, 17],
this structure is a wide band gap semiconductor with non-spin polarized DOS
for the entire plot. The band gap of 4.23 eV using HSE06 has been measured

from Fig. 3.
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Figure 3: The total density of states of the diamond-like bilayer graphane. The position
of Fermi level is at 0.00 eV and marked by black dashed vertical line.



The effects of the vacancies on the electronic properties of bilayer graphane
are investigated using the density of states plots shown in Fig. 4. To calculate
the magnetic moments arising from the difference between the spin up and
spin down states, the majority and minority density of states are plotted.
Fig. 4 also presents the influence of charge states (-1, 0, +1) modulation on
the density of states of the identified vacancies.
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Figure 4: The calculated spin polarized total density of states of Vg at charge states (a)
-1, (b) 0, (¢) +1; Vo at charge states (d) -1, (e) 0, (f) +1 ; V¢ at charge states (g) -1,
(h) 0, (i) +1 and Vo_cp at charge states (j) -1, (k) 0, (1) +1. The position of Fermi level
is at 0.00 eV. The additional states introduced within the band gap (compared with the
pristine case in Fig. 3) are vacancy induced states, indicated by the red arrow for each
vacancy.

Fig. 4 shows that the Vg, Veoy and V¢ vacancies introduce both the
spin-up and spin-down states within the band gap of bilayer graphane. The
states are mainly induced by atomic dangling bonds due to the removal of



their nearest neighbor native atoms, either H or C atom. The position and
alignment of the induced states differ with vacancy configurations. For Vy,
we see the spin-up states crossing the Fermi level around the mid band gap
shown in Fig. 4(b), suggesting a metallic behavior.

Table 2 depicts that the Vg vacancy induced states are responsible for
the total magnetic moment of 1.00up at 0 charge state. This was previously
noted in a single layer graphane, and it was reported that an isolated H va-
cancy represents an unpaired electron in the dangling bond extending from
the carbon atom, producing a magnetic moment of 1.00up [20, 17, 36]. For
-1 (41) charge state introduced in Vg, the Fermi level shifts up (backwards)
towards the CBM (VBM), the spin-up and spin-down states are almost sym-
metrical for the entire plot, except at the vicinity of the Fermi level. At the
Fermi level, the -1 charge state makes the spin-up states peak to be seen
slightly below while the spin-down states peak crosses Fig. 4(a). Elias et
al.[2] using experimental methods reported that graphane doped by electrons
shift the Fermi level to reach the bottom of the conductance band in the
hydrogenated region. In the +1 charge state, the Fermi level is noted be-
tween the vacancy induced non-spin polarized occupied states and slightly
spin polarized empty states within the band gap shown in Fig. 4(c). The
splitting of the induced spin up and down empty states yields the reduced
magnetic moment of about 0.05up (see Table 2), suggesting that addition
(-1) or removal (41) of charge state saturates the Vg induced dangling bond.

The DOS of Ve shown in Fig. 4(f) shows the induced partially occu-
pied states crossing the Fermi level near the CBM, indicating the efficiency
of dangling electron bonds in the system. The Vep induces the magnetic
moment of 1.00 pup (See Table 2) arising mainly from the partially occupied
spin-up states. For the -1 charge state, the Fermi level is still noted closer to
the CBM crossed by the partially occupied spin-up states. We suggests that
an added electron also populates at the vicinity of the Fermi level resulting
in the increment in the induced total magnetic moment to 1.50 pup. The ef-
fects of +1 charge state into Vo vacancy reconstruct the DOS whereby the
spin-up and spin-down states are symmetrical for the entire plot, revealing
a non-magnetic nature. Interestingly, the Fermi level is seen just on top of
the occupied non-magnetic VBM states, indicating a semiconductor charac-
ter with a band gap of 1.74 eV. Saturating the vacancy induced dangling
bond through charge state removal (+1) destroys the magnetic moment but
retaining the non-magnetic states within the band gap, while hydrogen ad-
dition at the dangling bonds eliminate the induced states within the band
gap of pristine graphane.

The V¢ in a neutral state is non-magnetic because the spin-up and spin-
down states are symmetrical for the entire plot including the vacancy induced



Table 2: The effects of charge states (-1, 0, +1) on the vacancy induced magnetic moment
m(pp).

Vacancies Charge states
-1 0 +1
Vi 0.05 1.00 0.05
Ver 1.52 1.020 0.02
Ve 0.50 0.00 1.0
Veo_co 0.30 1.00  0.00
Ve_o 0.00 0.00 0.00

occupied states at the vicinity of the Fermi level, suggesting the deficiency
of dangling electron bonds in the system. This could be attributed to the
induced electron bonding reconstruction mechanism during structural relax-
ation. The V¢ vacancy in bilayer graphane shows the semiconducting features
with a band gap of 1.40 eV. The -1 (+1) charge state into V¢ rearranges the
DOS, yielding the induced spin polarized states within the band gap with
the Fermi level shifting backwards to the VBM (forward to the CBM) induc-
ing the magnetic moment of 0.50 ug (1.00 pp). Fig. 4(k) reveals that the
divacancy Ve_cp is metallic nature with induced partially occupied states
crossing the Fermi level in a spin up channel. This yields a magnetic mo-
ment of 1.00pup. Just like in single vacancy the injection of -1 charge state
in Fig. 4(j) (+1 charge state in Fig. 4(1)) suppresses this induced magnetic
moment by shifting the Fermi level to the CBM (VBM). In conclusions, these
vacancies studies induces more occupied and unoccupied states in different
positions within the band gap which can be easily accessible through elec-
tronic tunneling which is the mechanisms requiring low temperature.

4. Conclusions

Using the ab-initio DF'T calculations, we investigate the electronic struc-
ture of various possible vacancies (Vy, Ven, Ve, Vo_ecg and Vo_¢) in a
diamond-like bilayer graphane structure. It is noted that thermodynamic
stabilities depend on the vacancy configurations and charge states modula-
tion. These vacancies can be achieved using experimental pathways such
as high-energy ion beams, the method used to create vacancies in a single
layer graphene. In the 41 charge state, all the configurations are more stable
suggesting that the dangling bonds extending from the C atoms around the
vacancy in the neutral states are not desirable for room temperature device
applications. For the thermodynamic transition levels analysis, it is sug-
gested that these vacancies could be too deep in the band gap to be ionized.
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For the electronic properties analysis of the vacancies in the various charge
states, the density of states were plotted. In the neutral charge states, the
vacancies induce the in-gap states responsible for the magnetic moment of
1.00 pp. The +1 charge state saturates the dangling bonds around the va-
cancy resulting in suppressing the magnetic moment and leading to non-spin
polarized systems. The charge state modulation dependent properties in a
diamond-like bilayer graphane structure is in agreement with the previous
experimental studies in a single layer graphane. Our studies demonstrate
that the vacancies in a diamond-like bilayer graphane structure could have
potential applications in nanoelectronics and band gap related energy storage
devices.
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