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Electronic-Structures Calculations of Calcium-Intercalated Bilayer Graphene:
A First-Principle Study
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* Corresponding author: Abstract: In this study, electronic structure calculations of Ca-intercalated bilayer

email: sholihun@ugm.ac.id graphene are conducted using the density functional theory (DFT). We modeled two
' o configurations by positioning calcium in the middle of the bilayer (M-site) and on top of
the bilayer surface (T-site). Our results show that the Dirac point is shifted below the fermi

level. The approximated critical temperature is 7.9 K. We then calculated the electron

Received: June 22, 2022
Accepted: September 15, 2022

DOI: 10.22146/ijc.75647 transfer and formation energy for each system. We found that, for the M-site, the electron

transfer increased as the Ca concentration increased, while the reverse occurred for T-site.
The calculated formation energies were negative, meaning that all configurations were

spontaneously created. In other words, the involved reactions were exothermic.
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= INTRODUCTION

Carbon has several allotropes, such as graphite,
diamond, and carbon nanotubes [1]. Among these,

graphite, consisting of multilayer carbon atoms
connected by Van der Waals’s bonds, is the most stable
material at room temperature. Graphene, monolayer
graphite successfully fabricated [2], has drawn much
interest because of its distinct electrical structure and
[3-6]. Such

to have

mechanical and thermal characteristics.

characteristics allow graphene potential
applications. For example, they are used as hydrogen
storage materials and chemical sensors [7-9].

The atomic doping of silicon, boron, nitrogen,
phosphorus, sulfur, aluminum and gallium [10-13] in
graphene changes its electronic structure [10,14]; for
example, it can result in a finite bandgap opening at the
K-point, causing graphene to behave as a semiconductor.
Recently, showed that the
superconductivity effect was investigated in Ca- and Li-

doped monolayers and bilayer graphene [7,15-17].

theoretical  studies

Therefore, an investigation of atomic-doped graphene,
particularly Ca-doped bilayer graphene, is necessary.

In the present study, we performed DFT
calculations to analyze the effect of Ca-intercalated
bilayer graphene on electronic structures and to
determine the trade-off doping concentration. The
doping concentrations were varied up to 6.25%. We
involved a 64 atomic-sites supercell in calculating
formation energies, the density of states (DOS), and
band structures.

m COMPUTATIONAL METHODS

We calculated the structural and electronic
structures of the Ca-doped bilayer. We used the code
PHASE, a quantum-based simulation with plane wave
basis sets [18-25]. The
approximation (GGA) based on the Perdew-Burke-

Ernzerhof (PBE) functional was chosen as the exchange

generalized  gradient

correlation. We relaxed atoms so that the atomic forces
are less than 5.0 x 10~ eV/A. We set a 15 A vacuum
parameter to avoid interlayer interactions.

The bilayer graphene was simulated in a 64 atomic-
sites supercell, obtained by expanding a 4 x 4 x 1 for the
atomic-sites unit cell. We then doped the bilayer
graphene with Ca in two positions: in the middle between

Sri Hidayati et al.



1606

(a) M-site

Top view Side view

AN

X

¥
¥

e—e
«—

(b) T-site

AS

Fig 1. The geometry of the (a) M-site and (b) T-site Ca-
intercalated bilayer graphene
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two layers (M-site, Fig. 1(a)) and on the top of the bilayer
(T-site, Fig. 1(b)). The atomic positions of Ca are set near
the middle of the hexagonal lattice (hollow site) to
maintain the symmetry of the graphene lattice. We varied
the Ca concentration and calculated the DOS and band
structures.

The formation energies were calculated as follows:
E¢ =By —E, —my (1)
where E; is the formation energy, Er is the total energy of
the flawed system, E, is the total energy of the pristine, m
is the number of doped atoms, and W; is the chemical
potential of calcium.

The charge transfer from Ca to graphene was
calculated using the following equation Ref. [3]

(ED B Efermi )2
n(h)’

where q(e), Ep, and Egm; are the charge transfer, energy at

q(e) = (2)

the Dirac point, and energy at the Fermi level,
respectively.
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m RESULTS AND DISCUSSION
Optimized Geometry

First, we optimized the unit cell and found that the
optimized lattice constant was 2.48 A, close to an
experimental result of 2.46 A [26]. We then doped Ca on
the bilayer graphene. Since graphene has a high-
symmetry hexagonal structure, the high-symmetry
position of the hollow site has been found as the most
stable position [28]. We placed Ca on the hollow site of
the middle (M-site, Fig. 1(a)) and the top surface of the
bilayer graphene (T-site, Fig. 1(b)). The defect geometry
in the M-site is symmetrical under a Cs symmetry
element (rotation 2?") and horizontal mirror oy; thus, the
M-site Ca-doped bilayer graphene belongs to a Cs,
symmetry. Meanwhile, the T-site one belongs to a Ce,
because of the absence of 0.

We used Ca concentrations of 1.5% (Fig. 2(a) and
2(d)), 3.12% (Fig. 2(b) and 2(e)), and 6.25% (Fig. 2(c)
and 2 (f)). The optimized structures of each system are
given in Fig. 2. We then calculated the structural
properties, which are presented in Table 1. In both the
M- and T-sites, Ca was strongly bounded via covalent
bonds, which agrees with the result in Ref. [27], which
also mentions that Ca was strongly bounded by
graphene. The calculated distances between the two
closest carbon atoms (C-C) in the pristine graphene
were found to be 1.43 A, which agrees with the
experimental result (1.42 A) [3]. Moreover, the distances
of C-C in the flawed system were between 1.42 and 1.43
A, while the calculated distances C-Ca were between
2.70 and 2.80 A (Table 1). The distance between layers
(c1) in the flawed system was somewhat larger (ranging
from 3.80 and 4.66 A) than that in the pristine one
(3.66 A).

The formation energies calculated using Eq. (1) are
presented in Table 1. The T-site was energetically more
favorable than the M-site, as shown by the smaller
absolute value of the formation energies; that is, the
energy of the T-site with one adatom was 0.52 eV less
than that of the M-site. However, the configurations of
both the M- and T-sites were spontaneously created since
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Table 1. Structural properties: Distance between neighboring carbon atoms (C-C), distances between C and Ca (C-

Ca), distances between layer ¢ (A), formation energy Eg, Energy at the Dirac-point Ep, and electron transfer q(e)

Concentration (%) Position Dc.c (A) Dcc. (A) Ci (A E¢ (eV) Ep (4) q(e)
0.00 - 1.432 - 3.66 - - -
1.56 M 1.428 2714 4.53 ~1.47 0.97 0.03
3.12 M 1.430 2.755 4.66 -2.07 1.1 0.04
6.25 M 1.427 2.703 450 ~3.67 1.37 0.06
1.56 T 1.427 2.674 4.11 -0.10 0.52 0.0087
3.12 T 1.425 2.854 4.05 -0.33 0.47 0.0075
6.25 T 1.419 2.788 3.84 -1.18 0.12 0.0004
Top \:/iew (a) Side view Top e (d) Sideview conduction bands (1*) Fig. 3. The Dirac point lies on the
Ay ; % AN # ; K-point, forming a linear dispersion in the Fermi level.
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% shifted down from the Fermi level. The shifted Dirac
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.\\ // }7" S 2 s ;>’ case of the M-site with the highest doping concentration
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: - : . (6.25%), the electron transfer is about 0.06 e, while in the
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Fig 2. Optimized geometries of Ca-intercalated bilayer
graphene: M-site (a) 1.56%, (b) 3.12%, (c) 6.25%, and T-
site (d) 1.56%, (e) 3.12%, () 6.25%

the formation energy values were negative, corresponding
to an exothermic reaction.
Electronic Structures

We calculated the band structures and DOS of both
systems. The band structures of the pristine bilayer
graphene consisted of two valence bands (m) and two

case of the T-site, it is about 0.0004 e.

The value of Dirac-point shift both the M-site has
DOS peaks of 74, 88, and 83 states/eV (Fig. 4) while the
T-site has DOS peaks of 78, 8, and 75 v states/eV for the
concentration of 1.56, 3.12, and 6.25% (Fig. 5),
respectively. Overall, M-site and T-site have similar trends
of DOS, e.g., the magnitude of states of each system
decreases compared to DOS in the pristine. For instance,
at 8.2 eV for concentration 1.56%, the DOS decreases from
92 states/eV (in pristine) to 47 states/eV (in the M-site)
and to 42 states/eV (in the T-site).
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Fig 5. Band structure and density of states for T-site

The Van Hove states are also shifted down to the
Fermi level, allowing electrons to occupy these states.
The DOS shows this behavior in Fig. 4 and 5. Therefore,
the Ca-intercalated bilayer graphene is metallic [15,28].
The shift in Dirac point increased as the Ca concentration
increased. However, the concentration of 6.25% on the
bilayer graphene affects band structures; for example,
some new states appear around the Dirac point.

In addition, a flat band was formed on the T-site at
concentrations of 1.56 and 3.12% (Fig. 5). The flat band
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also appeared near the Fermi level in the previous studies
[29-31]. It was predicted that superconductivity on the
flat band area could be achieved at a higher T. (critical
temperature) [29,32]. In this state, electrons are very likely
to occupy. In our calculation at a concentration of 6.25%,
this flat band tended to disappear; thus, we conclude that
the maximum trade-off Ca-doping concentration in

bilayer graphene is 6.25%. The critical temperature T. can
N(0)D?
M“)éh ’
where kg, Op, A, N(0), D, M and w?), are the Boltzmann
constant, Debye temperature (15 K), electron-phonon

coupling constant, DOS per spin at the Fermi level,

be approximated using kpT = 1.136_.-1/a and A =

deformation potential, effective atomic mass, and phonon
frequency, respectively. For instance, our calculated N(0)
for the T-site is 13.11 eV~". Using a w,, 0f 0.16 eV [17], D
of 0.66, [33] and A of = 0.1 N(0), a T. of approximately
7.5 K was predicted. The calculated T. is 3.5 K higher than
the T. of the experimental result (4 K) [15]. This difference
in Tc is caused by the varied Ca concentrations; for
instance, the current work's Ca concentration is 6.25%,
whereas that of Cs,CaCs is 8.33%. However, phonon
calculations are necessary for further clarification.
Furthermore, we calculated the charge transfer
using Eq. (2). In the case of the M-site, the electron
transfer q(e) increased as the concentration increased;
however, the reverse happened in the T-site due to the
shifted Dirac-point from the Fermi level (Ep). We show in
Table 1 that the most significant electron transfer
corresponded to the M-site at a concentration of 6.25%.

m CONCLUSION

We calculated the structural and electronic
properties of Ca-intercalated bilayer graphene. From the
calculated formation energy, we found that the T-site is
energetically more favorable than the M-site. The Ca
adatoms affected the band structures; for example, the
Dirac point was shifted down from the Fermi level,
causing Ca to behave as n-type. From the calculated
charge transfer, the most significant charge transfer,
0.06 e, was found in the M-site at a concentration of
6.25%. This result can contribute to the research of

graphene-based electronic devices.
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