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Abstract

The electronic and optical properties of X (Si, Ge) doped Be,C monolayer has been investigated using the all-electron full
potential linear augmented plane wave (FP-LAPW+lo) method in a scalar relativistic version as embodied in the Wien2k
code based on the density functional theory. Using cohesive energy calculation, it has been shown that the Si and Ge doped
to Be>C monolayer have stable structures and the doping processes modified the direct band gaps. The calculated electronic
band structure confirm the direct band gap nature since the conduction band minimum and the valence band maximum are
located at the center of the Brillouin zone. The total and partial density of states help to gain further information regarding
the hybridizations and the orbitals which control the energy band gap. The calculated optical properties help to gain deep
insight into the electronic structure. Our calculated results indicate that the X (Si, Ge) doped Be,C monolayer can be have

potential application in optoelectronics devices.
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1 Introduction

Since the discovery of 2-D honeycomb lattice of mono-
layer carbon atoms called graphene [1], more research
interest has been focus toward the 2-D materials. 2-D
materials has been considered as a potential candidate in
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nano-electronics because of its unique physical and chem-
ical properties such as high electron mobility and inher-
ent mechanical strength [2-10]. Nanocomposites consist-
ing of nanoparticles (NPs) or nanocrystals embedded in a
matrix have been the subject of many studies motivated
by the extraordinary properties obtained in comparison to
their single phase [11-18]. A significant advances have
been made in designing of mono-layer structures such as
boron nitride (BN) and transition metal dichalcogenides
such as MoSe, MoS, WS;, WSe,, and NbSe, [19-25].
There are many potential applications for monolayer semi-
conductors. For example, layered hexagonal BN is used as
a dielectric for graphene electronics [26] Likewise, MoS»
exhibits a direct optical band gap that has been intensively
investigated for photovoltaic applications and other elec-
tronics devices [26]. Recently, Li et al. [27] designed a two
dimensional (2D) inorganic material, namely Be,C mono-
layer, by comprehensive density functional theory (DFT)
computations. In the designed monolayer, each carbon atom
binds to six Be atoms in an almost planar fashion, form-
ing a quasi-planar hexa coordinate carbon (phC) equally. To
investigate the potential application of the designed mono-
layer, Li et al. studied the electrical properties of the Be,C
monolayer using the plane-wave technique implemented in
Vienna ab initio simulation package (VASP), where, a direct
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gap of about 1.52 eV has been observed. However, they
recalculated the band structure of Be,C monolayer using
the hybrid HSE06 functional and predicted a 2.34 eV direct
band gap. As a semiconductor with a direct medium band
gap, BeoC monolayer is promising for applications in elec-
tronics and optoelectronics [28]. Needless to say, adding
impurities play an important role in the potential applica-
tions of semiconductors in optoelectronic devices. Without
impurities, there would be no diode and no transistor. The
control of conductivity of semiconductors enhances their
performance in existing applications.

In the present work, the electronic and optical properties
of monolayer nano structures Be;C with Si and Ge impuri-
ties have been investigated using density functional theory
(DFT) to exploit them as a candidate for optoelectronics
devices.

2 Computational Details

The all-electron full potential linear augmented plane wave
(FP-LAPW+1o) method in a scalar relativistic version as
embodied in the Wien2k code [29] was used to calculate
the electronic properties of Be,C and Si, Ge doped
Be,C monolayer. The generalized gradient approximation
(PBE-GGA) [30] was employed to describe the exchange
and correlation energies. In the presented calculation, for
isolating the Be,C layer a supercell including 27 atoms
was generated and to avoid neighboring layers interactions,
vacuum layer of 15 angstrom in non-periodic direction is
considered. Based on Mankhorest approximation, special
k points were generated with grid 7#*7*1, while RKmax,
Gmax and lmax were set to 7, 14 and 10 respectively.
Needless to say that RKmax refers to the product of the

Fig. 1 a The optimized structure
of the Be,C unit cell. b The top
view of the optimized structure
of the Be,C unit cell. ¢ The side
view of the optimized structure
of the Be,C unit cell. The gray
and yellow, balls indicate the C
and Be atoms respectively
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Fig.2 The unit cell total energy versus the unit cell volume for Be,C
nanosheet. The volume unit is given in (bohr)!/3

smallest atomic sphere radius Ryt times the largest K-
vector Kpax, Gmax is the magnitude of the largest K-vector
in the Fourier expansion of rho and V and Imax Imax is
the maximum value of 1 (angular momentum) for the (1,m)
expansion of wave function or density. Also the relaxation
process was continued until the charge was converged to be
0.0001e as well as the maximum force on each atom was
less 1 mRyd/au.

3 Results and Discussions
3.1 Structural Properties of the Be;C Monolayer

In this work, to obtain an optimized structure, the unit cell
volume was optimize. The volume optimization done using

U o
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Fig.3 a The optimized structure
of the Be,C. b The optimized
structure of the Be>C:Si. ¢ The
optimized structure of the
Be,C:Ge. The gray, yellow, blue
and pink balls indicate the Be,
C, Si and Ge atoms respectively

Murnaghan’s fitting based on Birch-Murnaghan equation
[31]:

2 3
E(V)=EO+9BIL6V0H(%)3 _1] B()}

P T 3

e ) =] [o-(9) ]},
The energy vs. volume was calculated and the optimized
lattice parameters are obtained. In which Vj is the initial
considered volume, V is the deformed volume, Bg is the
bulk modulus, and B/0 is the derivative of the bulk modulus
with respect to pressure. The minimum point of the E-V
curve provides the equilibrium lattice constant of the crystal
cell.

Using this procedure, the optimized lattice constant of
3 angstrom is achieved which is in a good agreement with
the previous reported data [28]. The optimized structure of
the Be,C monolayer unit cell from top and side views is
shown in Fig. la—c, where a unit cell of the monolayer
consists of two Be atoms and one C atoms, where, every
two neighboring Be atoms in Be,C monolayer are buckled
into two different atomic planes, 0.46 angstrom above

ey

and below the C atomic plane, respectively. The atomic
positions of graphene-like structure of Be,C monolayer are
considered as Be(0,0,0.5306), Be(0.666,0.333,0.0.4693) Be
and C(0.333,0.666,0.5), where, every two neighboring Be
atoms in Be,C monolayer are buckled into two different
atomic planes, 0.46 above and below the C atomic plane,
respectively. The graph of total energy of Be,;C unit cell
versus volume is presented in Fig. 2.

In continuation, the structure was relaxed to obtain a
force optimized (3x3) super-cell with minimum exerting
force between any two atoms. The calculated Be-C and Be-
Be bond lengths is about 1.79 angstrom and 1.96 angstrom.
The stability of Be;C monolayer was confirmed by the
cohesive energy calculation. According to the definition of
cohesive energy,

o — Be total (2)
€= Nc¢ + Npe '

[NcEgtngle + NBeESmgle:I _ EBegC—sheet

BeyC—sheet
total

Single

where E is the total energy of any sheet, E

and Nx (X= Be, C) are the energy and number of the single
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Fig.4 a The band diagram of the Be;C. b The band diagram of the Be>C:Si. ¢ The band diagram of the Be,C: Ge
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X atoms, respectively [32]. From this point of view the
positive sign of the cohesive energy means that the structure
is stable. Our computations show that Be;C monolayer has
a cohesive energy of about 5.33 eV/atom, which is good
evidence that the structure is stable. Afterwards, the Be,C
monolayer has been considered and the band diagram of the
sheet was plotted, a direct gap of around 1.6 eV is obtained
along the I' point (I" is center of first brillouin zone).
Therefore the calculated results are in good agreement with
previous work [28].

In continue the electronic properties of Be,C sheet with
Si and Ge impurities have been investigated to exploit them

Fig.5 The total electronic
density of states for the a Be,C, 5

in optoelectronics devices. The two doped Be,C monolayers
have been optimized by force and charge converging. For
estimation of the structural stability of the designed Si
doped and Ge doped Be,C sheets, the cohesive energy of
the two structures have been calculated by subtracting the
average energy of the atoms of the system from the average
energy of the isolated atoms constructing a sample. Form
this point of view the positive sign of the cohesive energy
means that the structure is stable. The cohesive energies
of 5.186 eV/atom and 5.197 eV/atom has been calculated
for the Si doped and Ge doped structures respectively, that
means the mentioned structures are stable. The optimized

b Be;C:Si and ¢ Be,C:Ge
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structure of the Be,C, BepyC:Si and BeyC:Ge sheets are
illustrated in Fig. 3a—c.

3.2 Electrical Band Structure and Density of States

To investigate the electronic properties of Si and Ge
doped Be,C monolayer, the energy bands diagram has
been plotted for the Be;C monolayer and also for two
doped compounds. The band diagram for Be,C, Be,C:Si
and Be,C:Ge monolayers are illustrated in Fig. 4a-c,
respectively. According to Fig. 4a—c direct band gaps
of about 1.59, 0.89 eV and 0.67 eV appears in Be,C,
Be,C:Si and Be,C:Ge band structures respectively. It can
be seen that similar to the Be,C sheet, for the Si doped
and Ge doped Be,C sheet the band gap located at the I
point. Additionally, as the atomic number of the impurity
increases, the band gap reduction is increased. Considering
the valance electrons of the carbon, silicon and germanium
atoms set as 2s22p?, 3s23p> and 4s24p?, it can be seen that
by doping impurities in carbon site, no fundamental changes

in band structures can be expected, which is confirmed by
the band structure diagrams, where, from -14 eV to -10
eV, the electronics levels are occupied by core electrons.
Then the direct band gaps separate the valance electron
from conducting electrons. By close inspection of the band
diagrams, it can be observed that for the both doped cases, a
new electronics level has been appeared in about -8.5 eV in
band structures and the band curves have become relatively
flat near the Fermi level which implies that the effective
mass is high with low mobility. Comparing with the Be,C
monolayer in the doped sheets, a perturbation potential
originated by additional density of electrons appeared which
forces the electronics states. In addition, the electronic
density of states of the two compounds are plotted. The total
density of states for the Be,;C, Be;C:Si and Be;C:Ge sheets
are plotted in Fig. 5a, b and c respectively. Considering
Fig. 3a—c, one can find that the two doped compounds
remain p-type semiconductor with energy band gaps of the
about 0.89 eV and 0.67 eV. The partial density of sates for
Be,C:Si and Be;C:Ge compounds are illustrated in Fig. 6.

Fig.6 The partial density of a b
states for the a s and p orbitals
of Si atom in Be,C:Si, b P, and 1.4 1 14 1
Px+Py orbitals of Si atom in Si Si
Q : 1.2 s 1.2 4 Pz
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Fig.7 The Joint density of
states for a Be,C:Si and b
BeC:Ge monolayer

3.3 Optical Properties

In this section, the optical properties of the two proposed
monolayer compounds are calculated and discussed in

Fig.8 The real and imaginary
parts of the complex dielectric
function of Be,C:Si (a and b)
and Be,C:Ge monolayer (¢ and
d
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Fig.9 The energy loss function
of a Be,C:Si and b Be;C:Ge

for two doped mono-layers for both x and z directions are
plotted in Fig. 7a and Fig. 7a. Considering the Fig. 7a-b,
one can see that the two compounds indicate anisotropic
behaviors in xx- and zz-polarization directions, where, in
xx-polarization direction the local peaks in joint density of

Fig. 10 The refractive index of
the a Be»;C:Si and b Be;C:Ge
monolayer. The extinction index
of the ¢ Be>C:Si and d Be,;C:Ge
monolayer

Be2C:Si Energy Loss

[

Be2C:Si Refraction Index

Be2C:Si Extinction Index

3.0

25 4

20 +

0.5 +

0.0

e X-direction
e z-direction

Energy (eV)

— X-direction
— z-direction

T T T T T

2 4 6 8 10
Energy (eV)

1.4

1.2

0.8

0.6

0.4 -

0.2 +

— X-direction
e 2-direction

0.0

2 4 6 8 10
Energy (eV)

Be2C:Ge Energy Loss

Be2C:Ge Refraction Index

Be2C.Ge Extinction Index

3.0

25

20

30

25

20

05

0.0

08

06

04

02

0.0

e x-direction
e z-direction

Energy (eV)

states which determine the electron transitions are occurred
in around 0.89 eV, 2.04 eV, 2.47 eV, 3.57 eV, 3.92 eV and
4.33 eV for Be,C:Si nanosheet, while in zz-polarization
direction the local peaks are occurred in 2.2 eV, 2.9 eV,
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is shown by Be,C:Ge, where, in xx-polarization direction
the local peaks are occurred in around 0.67 eV, 1.7 eV,
2.1 eV, 24 ¢V, 34 eV, 3.8 eV and 4.7 eV for Be,C:Ge
nanosheet, while in zz-polarization direction the local peaks
are occurred in 2 €V, 4 eV, 5.67 eV, 6.1 eV, 6.3 eV. The first
main peaks corresponding exactly to the energy band gaps
located in I direction occur in 0.67 eV and 0.89 eV for Si
doped and Ge doped compounds respectively, this tow peaks
in x-polarization direction are originated by the transition
from the valance band maximum (VBM) to the conduction

band minimum (CBM). The linear optical response of the
material to an incoming electromagnetic field is determined
by the dielectric function. In general, the dielectric function
is a complex-valued function which is defined as:

¢ (w) = er (w) +ier (w) . 3

Where, er(w) and e1(w) represent the real and imaginary
parts of the complex dielectric function. The imaginary part
of the function can be obtained as follows:

h22
sl(w)=ﬁfw22n/dk<wk" 1Py )y PPy )8 (B — B — o), o)

where P*(® is the dipole matrix, v, and ¢, are the initial
and final states, respectively. Using the Kramers-Kroning
relation, the real part of the dielectric function can be
extracted from the imaginary part [33].

2 % wer (w)
ER (a)) = 5,1;3 + ;PA S (5)

w” — w

Fig. 11 The optical conductivity

Where P denotes the Cauchy principal value. The real
part of the dielectric function is related to polarization and
anomalous dispersion, while the imaginary part describes
the dissipation of energy into the material [33]. The
refractive index n(w), the extinction coefficient k(w),
electron energy loss function L(w), the reflectivity R(w) ,
and the absorption coefficient a(w) can be calculated in
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terms of the real and imaginary part of the complex optical
permittivity as follows:

(81 + (812 + SRZ)I/Z) "
= , 6
n (w) 7 (6)
2
(—81 + (812 + 8R2) /2)1/
k () = 7
(w) 7 , )
L _ e (w) (8)
(@) = e () + er? (0)°
|WE@ 1)
Rlr= ‘ Ve 41 ©
172
a@ﬁmﬁwQahwﬁyﬂ—a@O , (10)

The real and imaginary parts of the complex dielectric
function of Be;C:Si and Be,C:Ge are shown in Fig. 8a—d.
It can be seen that the real part of the function exhibits
a considerable anisotropy between the components. The
static value of the real? in x- and z-polarization direction
is about 3.1 and 2.1 for Be;C:Si compound, while it is
around 3.5 and 2.3 for x- and z-polarization direction for
B,>C:Ge compound. The above mentioned values confirm
that Be,C: Si possess larger energy gap than Be,C: Ge.
Also x-polarization direction for both compounds show
two peaks in visible region. However in the edge of the
ultra violet region, the Real ¢ decreases rapidly, while for
the component along z-polarization direction show rapid
decrease at around 5.0 eV. The imaginary part of the
complex dielectric function for Be,C:Si and Be;C:Ge are
shown in Fig. 8b and d, where the absorption edges occurs
at around 0.9 eV and 1.5 eV for the components along x-
and z-polarization direction of Be,C:Si compound whereas
for Be,C:Ge compound it occurs at around 0.7 eV and 1.4
eV. The fundamental peaks are situated at around 3.0 eV
and 6.0 eV for the components along x- and z-polarization
direction for Be;C: Si compound while at around 4.0 eV
and 6.0 eV for Be,C: Ge compound. Also two small peaks
appears at around 9.0 eV for both components of Be,C: Si
and BeyC:Ge.

Figure 9a—b shows the energy loss function of Be,C: Si
and Be,C: Ge compounds. According to the eloss plots,
the energy loss of both compound increased rapidly at
around 13.0 eV. It is clear that both compounds illustrate
anisotropic behavior in the region below ultra violet region.
Also, interestingly, small peaks can be seen in the energy
region between 6.0-11.0 eV which confirms the presence of
plasmons.

Another optical property which is important to be con-
sidered is refractive index. The refractive index determines

how much light is bent, or refracted, when entering a mate-
rial. The real part and imaginary part of the refractive index
of the Be;C:Si and Be;C:Ge monolayer are illustrated in
Fig. 10a, d. The real part of the refractive index confirms
nonmetal behavior of the material in both x and z directions.
By looking at the imaginary part of the refractive index, one
can see a peak in UV edge for x direction. Also a refraction
peak is occurred at around 6.0 eV for z direction.

The optical conductivity and absorption coefficient of
Be,C:Si and BeyC:Ge compounds are shown in Fig. 11a—d.
It is clear that there is an optical conduction gap of about
0.9 eV for Be,C: Si while it is about 0.7 eV for Be,C: Ge.
It has been noticed that the maximum optical conductivity
of components along x- and z-polarization directions occurs
in visible and UV regions respectively. Furthermore, the
absorption coefficient graph confirms the electronic band
gap in both directions.

4 Conclusion

In summary, by considering a supercell method 27
atoms of Be,C have been generated. A first principle
calculation within FP-LAPW method has been implemented
to investigate the electronic and optical properties of pure
and Si/Ge doped layered Be,C. The structure stability
was checked by using Cohesive energy calculation, which
predicts the Si and Ge doped Be,C monolayer have stable
structures. The doping of Si/Ge has modified the electronic
band structures of Be,C, consequently a band gap. On
doping Si and Ge impurities the energy band gap of
Be>C monolayer is reduced from 1.54 eV to 0.89/0.68 eV
for BeyC:Si/Be,C:Ge, respectively. The calculated optical
properties exhibit the existence of a considerable anisotropy
between the two components along x- and z-polarization
direction. The calculation indicates that the X (Si, Ge)
doped Be,C monolayer has good potential application in
opto-electronics devices.
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