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First-principles density functional theory (DFT) based calculations were carried out to
investigate the structural and electronic properties of beryllium (Be) and nitrogen (N) co-
doped and BeN/BeO molecular doped graphene systems. The basic focus was on how the
band-gap can be fine-tuned with concentration and replacement/site(s) variations. It was
interesting to note that with this hetero combination of electrons (N) and holes (Be), doped
graphene systems increase in concentration do not always lead to a higher band-gap. The
insertion of holes and electrons at hetero sites simultaneously, leads to increase the energy-
gap. However, if the replacement combination of sites comprises of same rectangular or
hexagonal ones, then band-gap may decrease with increasing impurity concentration.
Additionally, the insertion of BeO molecule(s) is also position dependent and band-gap
enhancement is not always proportional to the density of doped BeO molecules. Finally, our
results suggest that having control on the dopant position, a very fine tuning of the band-gap
is possible which make graphene a favorable material for its utilization in diverse electronic

device applications.

1 Introduction

Graphene is a one-atom-thick sp’-hybridized monolayer of carbon atoms with a two-
dimensional (2D) honeycomb lattice structure. It forms the building block of all other
graphitic materials, such as 0D fullerenes (Bucky ball), 1D nanotubes and 3D graphite.'™
Since its discovery in 20041, the famous nanomaterial, attracted the attention of researcher
working in various fields of science because of its fascinating properties and potential
applications in electronic’™, spintronic’'* physical, electrical, and optical properties'"*!

with tremendous charge carrier mobility of about 106 cm” Vs 1, which is 2—3 times greater

than conventional semiconductors."The 2D material graphene was synthesized using
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mechanical exfoliation technique discovered by Geim and Novoselov who were awarded the
Nobel Prize in Physics in 2010. Its honeycomb structure is build such that in every graphene
unit cell there are two nonequivalent carbon (C) atoms, which can be considered as two
interweaving triangular sub-lattices, as shown in Fig. 2(a). Each carbon atom, establishes
three strong ¢ bonds with the other three surrounding carbon atoms in addition to three «

bonds.

Despite having extremely useful properties associated with graphene, a major issue
limiting its use in semiconductor electronic devices is its zero band-gap. According to tight-
binding calculations carried out by Nato et al, the valence and conduction bands touch at the
Brillouin zone.'® This problem of band-gap-less dispersion in graphene hinders electronic
devices such as ficld-effect transistors (FETs) fabrications. To make it useful for realistic
applications, it is desirable to modify the band structure of graphene for switch off/on
devices'” as per requirement. This makes, the band-gap engineering'® of graphene an
essential and important topic with regard to applications. To cope with the band-gap issue,

certain techniques are being used including designing superstructures of graphene-like

19;20 21;22

nanoribbons, quantum dots, and nanomeshes.” Doping (to introduce impurities such
as adsorbing or substitutional atoms) is another efficient way to tailor the electronic, chemical
and magnetic properties of materials. The doping of graphene came into sight just after the
isolation of graphene in 2004’ and is now turning into a sizzling area. Replacement of C-
atoms with suitable impurity atoms open up an energy gap between the valence and
conduction band. The doping in graphene can be classified into electrical and chemical
doping. The doping is referred to as the chemical one when the changes in the graphene
lattice structures result via chemical routes, such as substitutional doping with heteroatoms,**
or molecules.”> The goals achieved from such modifications strongly depend on the type of

dopants, concentrations and their location within the graphene systems.*®

The chosen sites of graphene for replacement with the foreign impurity atoms are of critical
importance where Fermi level depends upon the concentration of doped holes and electrons.
The Fermi level of graphene doped system may either lower or rise from zero adjusted level
depending upon the dopant type and replacement site. The electron deficient foreign doped
atoms (relative to that of C-atoms) such as Al, B, Be, NO,, H,0, and F4-TCNQ cause Fermi-
level to shift downward thereby exhibiting p-type doping. On the other hand electronically
rich substituted atoms such as N, and alkali metals enhance the Fermi level exhibiting n-type
doping27'3 3. These dopants significantly alter the electronic structure of graphene and induce a

band-gap. Substitutional doping is most suitable in the case where the closest neighbor of
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carbon like boron (B), beryllium (Be), nitrogen (N) and oxygen (O) are selected to replace C-
atoms. 2°7*363%3% Additionally, dopants vary the chemical reactivity of graphene, which in

. 40:40:41
turn can be used as bio-sensors towards many atoms, molecules and gases .

Beryllium (Be) is lighter atom compared to C having 2 valence electrons with an
electronic configuration 1s*2s”2p”. Be can be integrated in graphene. At high melting
temperatures of about 1500 K, Be atoms can be arranged to form an hexagonal close packed
(hpe) crystal structure. The synthesis of beryllium carbide (Be,C), which is a hard material,
can be achieved by heating Be and C at about 1173.15 K. DFT calculations were carried out
by Ferro et al.* to investigate the absorption and diffusion of Be in graphite and the
formation of Be,C. The authors found that the high absorption of Be in graphite can lead to
the creation of Be,C. Be can also be doped in graphene by using chemical vapor deposition
(CVD) techniques. The doping of light atoms to graphene has induced band-gap in graphene
in previous investigations®. Electron deficient B and electron rich N (relative to C) have
been substituted in graphene and, the maximum band-gaps of 0.72 eV were observed at a
12% dopants concentration as per reported GGA-PBE calculation of DFT.** In our recent
publication Be has been found to be more efficient than B or N in inducing the band-gap in
graphene. It was concluded that both the concentration of the impurity atom(s) and location

of graphene C-atom(s) to be replaced were very important.”®

In our recent past study a band-gap of graphene has been engineered by doping of Be
and different combinations of Be with B. The maximum value of energy gap of 1.44 ¢V was
computed in a particular Be doped graphene system. In the current study, an attempt has been
made to open up an energy gap by substitutional doping with beryllium and co-doping of Be
with N in addition to planer mode doping of BeO molecule in graphene sheet. The doping
concentration and effective doping positions have been investigated systematically. The
paper is arranged in a way that firstly, the structural properties and electronic band structures
of Be and N co-doped graphene with varying site and concentration are reported, secondly

planer substitution of BeO molecule with variant concentration and position is discussed.

2  Details of computation

First-principles calculations were performed with the Vienna ab initio simulation
package (VASP) based on density functional theory (DFT).***® The electron—ion interaction
was described by the projected augmented wave (PAW)*’ method and the Perdew, Burke,
and Ernzerhof (PBE)"™ version of the generalized gradient approximation (GGA) was

adopted for exchange and correlation parts of the electron—electron interactions. The plane-
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wave cutoff energy was set to 450 eV. A slab model consisting of a 4 x 4 graphene supercell
(32 atoms) was selected. Periodic boundary conditions were applied in all directions. In order
to avoid artificial interlayer interactions, the vertical separation between the two sheets was
fixed > 14 A. We have doped equal amount of Be, N and BeO concentration thus generating
equal number of C-Be, C—N and C-O bonds. Monkhorst—Pack grids are used to sample the
Brillouin zone with 9 x 9 x 1 Gama-centered k mesh.*’ For the density of states (DOS) a
denser K-point grid of 16 x 16 x 1 was used. A first-order Methfessel-Paxton smearing-
function with a width < 0.1 eV was used to account for fractional occupancies.”® Energy
minimizations of the structures were performed until the total Hellmann—Feynman forces
were smaller than 0.01 eV/A.>" All the atoms in the systems were relaxed during geometry
optimization process. With the aim to give a numerical account of the strength of the doped

systems, cohesive energy was calculated using the formula:
ECOh = [Etot —ni El]/n (1 = C, Be, N, O),

where Eco, is the cohesive energy per atom of Be, N and O doped configuration. Ey
and Ei represent total energies of a structure and of individual elements present within the
same supercell, respectively. Finally, ni is the number of ith species present in the
configuration, while n being the total number of atoms. Initially spin polarized calculations
were performed to check the stability issues. It was found that spin-polarized and non-spin
polarized calculations gave the same results as grapheme is non-magnetic material. Thus, rest
of the calculations performed were restricted to non-spin polarized for computational

simplicity.

3 Results and Discussion

We replaced C atoms with 1Be, 1N; 2Be, 2N; 2Be, 3N atoms and 1BeO, 2BeO and
3BeO molecules at variant positions as it is interesting to dope graphene with dual hetro-

32;33

species” ™", We obtained different values of band-gaps depending upon the concentration and

dopant site. The results obtained are discussed below systematically.
3.1 Atomic doping

3.1.1 1Be, 1N in one hexagon

As preliminary step, we calculated the effect of doping of 1Be (beryllium) and 1N
(nitrogen) atoms in a single hexagon of 4x4 unit cell of graphene to examine the stability and

band gap by varying the position of the dopants at ortho, meta and para positions similar to
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those found in a benzene ring. It was found that when Be & N are replaced with the two
consecutive /adjacent C atoms (3,4 positions), the system remains the most stable relative to
all other configurations as shown in Table 1; thus showing the priority of BeN (beryllium
nitride) formation. The least stable arrangement is found for 2,6 position of Be and N
respectively, which is energetically 2.47 eV less stable relative to the 3,4 configuration (Be-N
adjacent) as presented in the table 1. Stability of all other patterns of Be and N atom doping
within a single hexagon of graphene sheet remains in between these two limits. The relative
stability of the structure remains unchanged with or without spin polarization. It is worth
noting that except the 3,4 configuration described above, there does not exist any direct -
bond between Be and N atoms. Therefore, addition of spin polarization might not affect the

band gap substantially.

The band structure was computed for each case. The band-gap remains slightly above
the Fermi-level and amounts to 0.24 eV except for the case when Be and N are
accommodated at 1,4 locations of a hexagon where band-gap substantially enhances to 0.50
eV. In this case both dopants occupy the positions which are maximally distant in a hexagon.
The nature of the band gap is direct one for all the above mentioned cases. The previously
mentioned calulations refers to in-plane substitution where N substitutes an sp*-hybridized C
atom. The next logical step was to check the functionality of N atom on top of graphene
where it is sp’-hybridized. The most stable configuration results when N is adsorbed at the
top of Be atom. During the optimization process, N moves downward to the level of
grapheme resulting in downward push of the Be atom from the grapheme plane distorting the
nearby atoms’ equilibrium structure as well as depicted in Figure 1(a, b). The Be-N bond
length was measured to be 1.75 A. The N was placed at bridge and hollow positions also, but
during optimization procedure the final configuration becomes as mentioned above. The
second configuration was achieved by placing N at C atom opposite to the Be atom in a
hexagon which finally converges by bridging between two C-atoms as shown in Figure 1(d,
e). The structure of the system results in a significant distortion in addition to notable (4.41

eV) desalination relative to previous case (see Table 1).

The band structure calculations show a band-gap of 0.88 eV as shown in Figure 1(c)
in top adsorption case. This value of energy-gap is significantly higher relative to in-plane
substitution. In case of N bridged bonded, the band-gap rises above to the Fermi level. The
amount of resulting direct gap is found to be. 0.38¢V as shown in Figure 1(f). It is worth
concluding here that the substituted N replaces the in-plane C-atom, therefore, the

functionality of doped nitrogen is always three making it more similar to sp® hybridized
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pyridinic N. However, calculations for doping Be-N system by replacing one single carbon
atom and adsorbing N-atom results in displacing the N to either on a bridge position or distort
the structure to make Be-N molecule as shown in Figure 1. In these cases, the functionality of

these configurations is changed to quaternary from pyridinic type.

Energy (eV)

Figure 1. The optimized geometry of graphene sheet co-doped with one Be (green
sphere) and one N atom (blue sphere) is shown in part (a) in a non-planer mode. The side
view is shown in part (b). The parts (d) and (e) depict when N-atom adsorbed on bridge
position of the adjacent hexagon of graphene to that where Be-atom is doped planerly. The

band structures of these optimized geometries are depicted in (c) and (f).

Table 1: shows energetically destabilization on Be and N doping in a single hexagon
(Sr. No. 1-6) and in the different hexagons of the grapheme structure (Sr. No. 7-18). The
energy of pure grapheme has been assumed as 0.0 eV and the relative disability with respect
this structure due to foreign dopants replacement has been given for each case. It should be
noted that systems at Sr. No. 19 and 20 are comprised of 33 atoms. The positions of Be and N

have been varied at para, meta and ortho positions. Entries in brackets show the
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destabilization in a system when compared to the most stable system at Sr. No. 3 and for N-

functionality at Sr. No. 19.

Sr. No. System Optimized System description/ Nature of calculations
doped configuration . :
system Non-spin Spin

polarized polarized
Graphene % C-32 0.0 0.0
& .8
1 Be-N 0%o0 3,4 position of same hexagon | +9.47 +9.47
°©,0
doped
2 Be-N o ¥, 1,5 position of same hexagon | +11.91 (2.44) +11.91
o o
°
3 Be-N 0%0 3,5 position of same hexagon | +11.74 (2.27) +11.74
e ©O
o
4 Be-N 0% 2,6 position of same hexagon | +11.94 (2.47) +11.94
o (-}
(-]
5 Be-N o' o 1,3 position of same hexagon | +11.72 (2.25) +11.72
o O
°
6 Be-N « 25 1,4 position of same hexagon | +12.07 (2.60) +12.07
(-] []
(]
7 Be-N Pattern | (B & N at different | +12.13
hexagons)
8 Be-N Pattern Il (dopants at | +12.20
different hexagons in all the
following cases)

9 2Be2N Pattern | +23.99

10 Pattern I +23.69

11 2Be3N Pattern | +24.89

12 Pattern I +24.49

13 Pattern Ill +24.81

14 1BeO +12.09

15 2BeO Pattern | +24.27
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16 2BeO Pattern I +24.60
17 3BeO Pattern | +36.64
18 3BeO Pattern I +36.56
19 Be-N N-functionality (top) +2.42
20 Be-N N-functionality (bridge) +6.83 (+4.41)

3.1.2 1Be, 1N (patternl)

In the second step we doped one atom each of Be and N in graphene (making
impurity concentration of 6.25 %). In our recent investigations,26 we impured the graphene
with electron deficient (relative to C) Be and B atoms. This study relates the combination of
both the electron rich N and electron deficient Be used as dopant in graphene. Initially, both
the impurity atoms are assigned at the same sub-lattice positions. The details regarding the
different types of sites available in graphene are discussed in details in reference.® The
structure undergoes geometrical changes as a result of optimization as per prescribed criteria.
The bonds around Be atom are elongated either to 1.55 or 1.56 A similar to structural changes
around single Be atom doping in graphene sheet.”® The N-C nearest neighboring bonds are
either found to be 1.39 or 1.40 A, which is also in a good agreement to prior DFT (GGA)
studies.”****** Thus, reduction in C-C bonds occurred in the vicinity of both the Be as well
as N atoms. The bonds variations can be seen in Figure 2(a). The N-C bonds lengths are close
to C-C bonds (1.42 A in pristine graphene), because the covalent radius of N (71 pm) is
closer to that of C (75 pm) relative to Be.

The cohesive energy of the system is calculated to be — 8.73 eV/atom, slightly greater
than the co-doping of single Be with B (-8.72 eV/atom) in graphene sheet.®® It is due to
nearly the same size of N as compared to B. The greater electro-negativity of N (than Be as
well as C-atom) results in the charge transfer from Be and C to N atom. Be atom transfer all
its 2e (valence) charge, which is also in good agreement with our previous calculations,”
while C atoms transfer 0.74e (average 0.024e per C atom) charge to N atom as shown by
Bader charge analysis. N atom gained 2.74e charge which can be seen in iso-surface plot of

charge density (see Figure 2 (b)).

The calculated band structure of this geometry is shown in Figure 2(c). As the Be is
electron deficient and N is electron rich compared to C atom, so we are doping graphene

sheet with holes (Be) and electrons (N) simultaneously on the same sub-lattice sites.
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Additionally, Be has two electrons less and N has one more electron than C atom thus
making the overall system electron deficient relative to the original graphene. Consequently,
the Fermi level is shifted downward by 0.36 eV below the Dirac point. Thus our doping can
be regarded as p-type. This shift in Fermi level is very minute than the co-doping of Be with
B (1.13 eV)* in graphene sheet. The reason is, Be and B both are referred to as hole doping
in graphene, while in this case, impurity (Be) acts as hole while other (N) serves as electron
doping. With this combination and concentration of the hetero doped atoms, a band-gap
opening of 0.30 eV was observed at Dirac point. This band-gap is produced due to the
unbalancing of symmetry of two sub-lattices graphene. The value of this band-gap is small
compared to single Be with B co-doping (0.49 ¢V).?® The linear dispersion around Dirac
point is not much affected by impurity atoms and hence, preserving its mobility up to a large

extent, which can be used in ultrafast nano-electronic devices.

Figure 2: The optimized geometry of graphene sheet (pattern 1) co-doped with one Be

(green sphere) and one N atom (blue sphere) is shown in part (a). Iso-surface plot of charge

density can be seen in part (b). The band structure of this optimized geometry is depicted in

(©).

3.1.3 1Be, 1N (pattern-II)

The same impurity atoms as in above case are doped in graphene sheet at different
positions. Now Be and N are injected in graphene sheet at different sub-lattice sites. The
geometric/structural changes around Be-atom are found to be the same as in above case. The
C-N bonds in the proximity of N atom range from 1.39 to 1.40 A in length. The C-C bonds
disturbance around the locality of Be and N are also similar as found for the system described
in previous section (see Figure 3 (a)). The calculated cohesive energy is — 8.73 eV/atom,
agreeing well with the pattern-I model system described above showing the same structural
stability of both the models. Likewise, Be atom has rendered all its 2¢ (valence) charge. The
transfer of charge (0.65¢) from C-atoms also occurred. The charge transferred per C-atom to

nitrogen impurity is found to be 0.02e. Resultantly, N specie gained a charge of 2.65¢. This
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value is slightly lower than the value obtained for the system in pattern I because electron
rich and electron deficient species sit on different sub-lattices. This local charge density
gained around the N atom can be seen in the form of denser spots in iso-surface plot of
charge density. The Fermi level downward shift below the Dirac point is 0.43 eV, which is
higher than found in the pattern I case (0.36 eV). On the other hand band-gap opening of 0.62
eV is found, which is significantly higher than the band-gap value system in pattern I (0.30
eV). This value is higher than compared to the system co-doped with one Be and one B

species (0.49 eV).?

Figure 3: The optimized geometry of graphene sheet (pattern-11) co-doped with one

Be (green sphere) and one N atom (blue sphere) is shown in part (a). Charge density plot can
be seen in part (b). The band structure of this optimized geometry is depicted in (c).

In both the cases, same types of impurity atoms with the same concentration are
doped at different sites, which result into different value of band-gaps. Unlike to our prior
study of co-doping of Be with B, in this study we achieved a higher value of band-gap when
dopants are integrated at different sub-lattices positions. This is due to the fact that Be acts as
hole dopant while N acts as electron dopant in graphene sheet. So, on one sub-lattice site we
are injecting holes and at the same time, on the other sub-lattice site electrons are infused.
This causes to imbalance the two graphene sub-lattice symmetry significantly, resulting into
band-gap opening of higher value. Isomers formed by choosing different doping sites differ
significantly in relative stability and band gap introduced and these aspects, to a great extent,
depend upon position of Be and N atoms in the hetero-structure agreeing well with a previous

DFT study.®

3.1.4 Two Be, two N (pattern-I)

In the next step, we increased the dopant concentrations to 2Be, 2N and 2Be, 3N at
the same as well as the different sub-lattice sites. We found that by increasing the dopant

concentration, the value of band gap decreases but the direct band-gap changes into indirect
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one. Moreover, the linear dispersion at Dirac point is completely destroyed. The results are

summarized in Table 2.

Figure 4: The optimized geometry of graphene sheet co-doped with 2 Be and 2 N

atom (pattern-1) is shown in part (a). Charge density plot can be seen in part (b). The band

structure of this optimized geometry is depicted in (c).

Four C-atoms are replaced by two Be and two N atoms making the concentration 12.5
% of the impurity atoms in graphene sheet. All impurity atoms are embedded at same sub-
lattice positions. The bonds in the locality of Be atoms are extended having range from 1.53
to 1.58 A while the reduction in the N-C bonds is as low as 1.36 A. These bond length
variations affect the neighbor C-C bonds of Be and N atoms (see Fig. 4). Cohesive energy
was found to be — 8.27 eV/atom, which is higher than two Be with two B doped graphene (-
8.19 eV/atom). Thus N makes slightly better chemistry with C relative to B. However, the
cohesive energy is sufficiently decreased by increasing the dopants from two (- 8.73
eV/atom) to four atoms resulting in relatively lower stability of the structure. We found that
Be atoms transferred all their valence charge (2e), while C atoms shifted 1.62e to N atoms.
The average charge transferred per C-atom is 0.06e. The charge gain per N impurity is 2.81e.
This charge accumulation around N species can also be seen in the iso-surface plot of charge
density in Figure 4(b). The observed band-gap is found in somewhere middle of K and M line
having a value of 0.23 eV, much lower than the value obtained for the system described in
pattern II of 6.25% concentration. The linear dispersion near Dirac point is completely
destroyed, resulting into the degradation of the mobility. It may be deduced that we are
adding holes (Be) and electrons (N) at same sub-lattice positions, resulting in lesser

symmetry breaking due to which small value of band-gap is induced.



RSC Advances

3.1.5 Two Be, two N (pattern II)

The same concentration of impurity atoms as in above case are integrated in graphene
sheet in pattern-Il However, the sub-lattice positions of Be atoms were different than N-
atoms. The Be-C neighboring bonds are elongated either to 1.53 or 1.58 A. The N-C bonds
are shortened up to 1.38 A. The next bordering C-C bond length in the proximity of Be as
well as N are found to be changed as depicted in Figure 5. The calculated cohesive energy
was — 8.28 eV/atom agreeing well with the above system (- 8.27 eV/atom). The transfer of
valence charge i.e., 2e from Be atoms and 1.42e from C atoms to N impurities occurred. The
charge attained per N atom is 2.71e which is less than for the above system (2.81¢). This
charge re-distribution around N-atoms can clearly be seen from the charge density plot in
Figure 5. From the band structure calculations, we observed an indirect band-gap opening of
0.48 eV. The value of this energy gap is higher than the calculated value (0.23 eV) of band-
gap for the system described in pattern [ of the same concentration. The band-gap opening
increased because of the unbalancing of two sub-lattices positions due to holes (Be) and

electrons (N) doping on different sub-lattices locations.

Figure 5: The optimized geometry of graphene sheet co-doped with 2Be and 2N

atoms (pattern Il) is shown in part (a). Charge density plot can be seen in part (b). The band

structure of this optimized geometry is depicted in (c).

3.1.6 Two Be, three N (pattern I)

The impurity concentration in graphene sheet is further enhanced to 15.625 % by
replacing five C-atoms with two Be and three N atoms. In the present configuration (pattern-
I) the 2 Be and 2 N atoms are replaced with the C-atoms at hexagonal position while 5™ C-
position is replaced by a N-atom lying at the crossing point of the diagonal making the
parallelogram by the four foreign atoms as shown in the part (a) of Fig. 6. As usual Be-C
bonds get longer as compared to C-C (1.42) bond distances. The said Be-C bonds are

extended either to 1.54 or 1.57 A. Simultaneously, the C-N bond either remain unchanged or
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are slightly shortened to 1.38 A. The geometrical changes are also reflected in normal C-C

bonds as depicted in the Fig. 6(a).

We found the cohesive energy to be — 8.14 eV/atom, adequately less than calculated for the
previous discussed system and greater than the system doped with two Be and three B (- 8.07
eV/atom®®). It shows that co-doping of Be with N results in more structural stability than co-
doping of Be with B. For the sake of charge transfer information, we made use of Bader
analysis, which reveals that Be atoms have lost all their valence charge while C atoms have
shifted 4.50e charge to N atoms. The charge transferred per C atom is 0.17e. The average
charge assigned per N atom is 2.83e which is greater than for the above case. This local
charge density in the proximity of N atoms is shown in Figure 6 (b). The band structure
calculations reveal that valence and conduction bands almost touch at Dirac point leaving the

system metallic. It is due to the fact that we are injecting holes (Be) and electrons (N) at same

sub-lattices sites in graphene sheet.

Figure 6: The optimized geometry of graphene sheet co-doped with 2Be and 3N atom
(pattern 1) is shown in part (a). Charge density plot can be seen in part (b). The band

structure of this optimized geometry is depicted in (c).

3.1.7 Two Be, three N (pattern II)

In pattern II of the 15.6% foreign concentration, the replaced Be and N-atoms are
heterogeneously incorporated. The geometry optimization results in geometrical variation
among the inter-atomic bonds which are shown in part (a) of Fig. 7. As usual Be-C bonds get
longer as compared to C-C (1.42) bond distances. The said Be-C bonds are extended either to
1.54 or 1.57 A. Simultaneously, the C-N bond either remain unchanged or are slightly
shortened to 1.38 A. The geometrical changes are also reflected in normal C-C bonds as

depicted in the Fig. 7(a).

Bader charge analysis revealed significant charge redistribution among the system

atoms. Be atoms lose all their valance charge lying in their 2s” orbital to the surrounding
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atoms Where a variation at large scale (2.41e to 4.47¢) is observed (in normal configuration,
C has 4 valance electrons, 2s%2p°). The main beneficiary of the charge is the N-atoms having
average charge of 7.80e relative to the normal valance charge of Se. This charge depletion
near the Be-atoms and higher charge density around the N-atoms can be seen in the charge
density plot in Fig. 7(b). This pattern of doping causes slight increase in the energy gap
relative to the previous pattern-1. The value of band gap observed is 0.13 eV. The increase in
band gap for the same concentration is attributed to impurity injection at hetero sites. The
movement of the 3™ N-atom in between the two N-atoms causes to increase the band gap
value if compared to the pattern I of this concentration. If we omit the said atom, we are left
with Two Be, two N (pattern II) described in section 3.1.5 configuration where significantly
higher band-gap was achieved. The nature of the energy-gap is indirect one here. The band-
gap lies slightly above the Fermi level. No Dirac cone is observed. The system emerges as a

result of simultaneous insertion of holes (Be) and electrons (N).

r =M ' K ' r Energy {eV)

Figure 7: The optimized geometry of graphene sheet co-doped with 2Be and 3N atom
(pattern Il) is shown in part (a). Charge density plot can be seen in part (b). The band
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structure of this optimized geometry is depicted in (c).TDOS and PDOS graphs are drawn in
(@).

The total density of states (DOS) and the projected density of states (PDOS)
calculations were performed in order to further investigate the role of dopants. The results are
presented in Fig. 7(d) which indicate that the Be atom's hybridized Px/y orbitals (formed by
sp> hybridization of the 2s, 2py and 2py orbitals) strongly interact with the sp> hybridized Pxy
orbitals of carbon atoms. This interaction exists at a wide energy range. The p, orbital of C
also significantly contributes to the DOS by providing itinerancy to the electrons in the
graphene sheet. Whereas Be’s p, orbital has negligibly small contribution in valance as well
as conduction band. The population at the Fermi level also comes from the 2p+y) orbitals of
Be and C where infinitesimally small DOS is coming from x and y orbital of N. This strong
overlapping between these p orbitals results in ¢ bonds formation over an energy range from

-2.35 eV to0 0.35 eV (approx.). The p, orbitals of carbon and nitrogen overlap in conduction
band resulting in m bond formation in a wide energy range. Entire DOS population in the
conduction band is contributed in decreasing order by C, N and Be. Lastly, the DOS from the
Pz orbitals of all the three elements contribute over the reported energy range except at

around the Fermi level.

3.1.8 Two Be, three N (pattern III)

Since we are interested in having a comprehensive study regarding the effect of
doping site on the band-gap, thus another change in the structure relative to pattern Il with the
same composition was done. In the present pattern one of the N-atoms was moved to form a
new configuration as depicted in Fig. 8 (a). In the new configuration geometrical changes
occur as a result of geometry optimization. However, these changes are not much different
from as observed in pattern Il and can be seen in the above referred figure. As usual Be atoms
have lost all valence electrons to C and N-atoms. Resulting charge redistribution on the C-
atoms has been found to be ranging from 1.75¢ to 4.54e while N-atoms have gained a
significant accumulation of charge (7.71 to 7.85¢). The radish area around the N-atoms shows
the higher concentration of charge in charge density plot shown in Fig. 8 (b). The
configuration under discussion bears higher value (0.35 eV) of band-gap relative to the
previous doping pattern where energy gap was 0.13 eV. However, nature and position of the
band-gap is unaltered. These changes in band-gap value due to variation in dopant site allow
us to conclude that having control on the doping position(s), facilitates one to tune the energy

gap minutely to some desired level.
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Energy (eV)

Figure 8: The optimized geometry of graphene sheet co-doped with 2Be and 3N atom
(pattern Ill) is shown in part (a). Charge density plot can be seen in part (b). The band
structure of this optimized geometry is depicted in (c). TDOS and PDOS graphs are drawn in

(@).

The DOS and the PDOS calculations were performed for further investigations. The
results are presented in Fig. 8(d). It is clear that sp” hybridized pxy orbitals of Be strongly
interact with the hybridized pyy orbitals of carbon atoms. Again the contribution from the N-
atoms is very limited. The interaction is very strong in the energy range -1.5 to -2.0 eV.
Additionally, in this energy range pyy orbitals of N (although negligible) also network
relativley more prominently as compared to the previous patterns thus contributing in sigma
bonds formation. Hence, some area all around the Fermi energy is observed populated due to
the 6 bonding from pyy orbitals of C and Be and a minute contribution from N py/, orbitals.
This means that at the Fermi level only sigma bonds are formed. The p, orbital of all the
three elements contribute in all the reported energy range except at energy gap. Nonetheless,
the prominent portion is coming from the C with somewhat significant contribution from N

and the lowest input by Be atoms. It’s important to note that substantial intensity of DOS
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from these three elements’ p, orbitals is found in hybridization (of low intensity) either just
below to -1.0 eV energy range or above the band gap (of higher intensity). The contribution
of DOS decreases in order as C, N and Be. Thus the © bond formation is found just below the
Fermi level or above the energy-gap (more significant) as a result of p, orbitals overlapping

majorly from C and N.

Another arrangement calculated is by changing the position of the left most N-atom
(in Fig. 8a) displaced on the right towards its neighbor N in top row. But the value of band-
gap remained about 0.10 eV.

Table 2: Summary of the results obtained for Be and N co-doping and BeO molecular

doping in graphene.
Dopants types Concentration Pattern Cohesive Band-gap
(%) energy (eV)
(eV/atom)

1Be, IN 6.25 Same sub- -8.73 0.30
lattice sites
(pattern I)

1Be, IN 6.25 Different sub- -8.73 0.62
lattice sites
(pattern IT)

2Be, 2N 12.5 Same sub- -8.27 0.23
lattice sites
(pattern I)

2Be, 2N 12.5 Different sub- -8.28 0.48
lattice sites
(pattern 1)

2Be, 3N 15.625 Same sub- -8.14 0.0
lattice sites
(pattern I)

2Be, 3N 15.625 Change Be & -8.14 0.13
N (pattern II)

2Be, 3N 15.625 Change 1 N -8.15 0.35
(pattern III)

1BeO 6.25 -8.61 0.10

2BeO 12.5 Pattern [ -8.00 0.06

2BeO 12.5 Pattern I1 -8.00 0.80
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3BeO 18.75 Pattern | -7.39 0.60

3BeO 18.75 Pattern 11 -7.37 0.82

Four different systems with varying dopant site for N-atom were investigated to tune
the Band-gap. The effect of co-doping of Be and N is found dissimilar to that of co-doping of
Be and B. In case of co-doping of Be and B, when heterogeneous species are integrated at
same sub-lattice positions, the resultant band-gap has a maximum value. However, to achieve
a larger value of band-gap with co-doping of Be and N, both the impurities should be
incorporated at different sub-lattice sites. This effect can be understood that Be and B both
act as hole doping while N act as electron doping in graphene. More-over, by increasing

doping concentration beyond 6.25 %, the band-gap changes to a lesser value.

0.9
] —m—(atomic doping of Be & N
0.8 4 e | —® Molecular doping of BeO

0.7 5

0.6 4

0.5 4

0.4 4

0.3 ]

0.2 5

01 e—0 |

0.0 4

band-gap (eV)

| ' I : | | | | | ! 1
6 8 10 12 14 16 18 20
% age concentration of forreign dopants in host graphene

Graph 1: Graph explicitly explains the vital role of dopant position of foreign
elements. For the same concentration but variable dopant position leads to significant
different value of band gap.
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3.2 Molecular doping

After atomic doping, we turned to a molecular doping of BeO. In this section we have
discussed the doping of 1BeO, 2BeO, and 3BeO molecules in graphene sheet. The change in

the band-gap with site variation has also been explored and reported.

3.2.1 1BeO molecule

Initially, we doped single molecule of BeO with Be-O axis parallel to the graphene
sheet which makes the impurity concentration of 6.25 % in the system. After structural
minimization, the changes in geometrical structure of graphene occurred. The Be-O bond
length was increased from 1.34 A (as found in gas phase computation) to 1.5 A. The Be-C
bonds around Be were elongated up to 1.56 A as shown in Figure 9 (a). Consequently, next
neighboring C-C bond lengths were altered, minimum value being 1.39 A. However, the C-O
bond length (1.42 A) is same as C-C bonds in clean pristine graphene. Cohesive energy is
found to be — 8.61 eV/atom, which is lower than co-doping of Be with B or N. But it is more
stable than if two Be-atoms are doped (- 8.49 eV/atom). O atom being more electronegative
compared to Be and C atoms, has gained 1.60¢ as a result of 2e valence charge lost by Be-
atom. Net charge given by BeO molecule to graphene is 0.403e. Consequently, charge
redistribution on C atoms ranges from 3.68e to 4.56e. The average charge gain per C atom is
0.013e. A significant amount of the charge shifted from Be is sucked by O-atom as depicted
in iso-surface plot of the charge density (see Figure 9 (b)). In the co-doping of Be and N, the
N specie sucks the charge from Be as well as C atoms, but in this case some portion of the
charge that shifted from Be atom is taken by C-atoms. The electronic structure of the system
is calculated which shows a small band-gap opening of 0.10 eV. Band-gap was shifted from
K, and found to be somewhere in the middle of K and M points. As electrons and holes are
being injected in the system simultaneously, thus no shift in Fermi level is observed. Hence,

the band-gap is proficient than the above systems.
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Figure 9: The optimized geometry of graphene sheet doped with one BeO molecule is
shown in part (a) where green and red speheres represents Be and O atoms respectivly.
Charge density plot can be seen in part (b). The band structure of this optimized geometry is
depicted in (c).

3.2.2 Two BeO molecules (pattern I)

Replacement of 4 C-atoms by 2 BeO molecules in graphene leads the doping
concentration to be 12.5 %. Different sub-lattice sites chosen for BeO molecules are depicted
in Figure 10(a). After geometry optimization, some inter-atomic bonds were stretched while
others were compressed. The geometrical changes were quite similar as discussed previously
in case of single BeO molecule doping. The cohesive energy is decreased to a value of — 8.00
eV/atom. This value is adequately lower than that of observed for co-doping of two Be and
two N doping (- 8.27 eV/atom). As usual Be transfers complete valence charge to C and O-
atoms. The major portion of this charge accumulates around O atoms (see Figure 10(b)). The
O-atoms have attained a charge of 3.18e which means that 1.60e charge per O atom is gained.
The charge transferred per BeO molecule to C atoms is 0.822e. Hence, new value of charge is
assigned to C atoms (ranging from 3.63 to 4.54¢) average gain being 0.03e per C atom. We
calculated the electronic structure for this system (see Figure 10 (c)). This time band-gap
opening was observed on K high symmetry point with a small value of 0.06 eV. The BeO
molecules were embedded at different sub-lattice positions, which resulted into the reduction
of the band-gap. The impurity atoms bear electropositive and electronegative character

relative to graphene, the Fermi level remains at zero level.

Figure 10: The optimized geometry of graphene sheet doped with 2BeO molecule

(pattern 1) is shown in part (a) (as mentioned in previous figure, green and red spheres
represents Be and O atoms respectively). Charge density plot can be seen in part (b). The

band structure of this optimized geometry is depicted in (c).
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3.2.3 Two BeO (pattern II)

In this new configuration, same (type and number) impurities as in above case are
mingled in graphene sheet but in this new configuration both BeO molecules reside on same
sub-lattice sites. After structure relaxation process, the Be-C bonds were equally stretched to
1.54 A. The bonds in the proximity of O were 1.42 A, same as C-C distance in graphene. The
Be-O distances are also observed to be same (1.5 A) as found in above case as shown in
Figure 11 (a). Additionally, no change in cohesive energy of the system is found relative to
above model. Similarly, the charge redistribution among the various atoms of the model
resulting from the doping of 2 BeO molecules at these positions is same as above case. The
only difference found is the range (from 3.51 to 5.36e) of charge on C atoms. In contrast to
the facts that changes in geometrical parameters, stability of the structure and charge
redistribution is not realized differently relative to the model investigated in pattern I, the
magnitude of band-gap is drastically enhanced. We observed an indirect band-gap of 0.80 eV.
An enormous increase in band-gap of 0.74 eV occurred just by changing the dopants site. It is
because that on one sub-lattice sites we are injecting holes (Be) and on other sub-lattice sites,

electrons (O) are infused.
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Figure 11: The optimized geometry of graphene sheet doped with 2BeO molecule
(pattern II); with green and red speheres depicting Be and O atoms respectivly, is shown in
part (a). Charge density plot can be seen in part (b). The band structure of this optimized
geometry is depicted in (c¢). TDOS and PDOS are drawn in (d).

Figure 11 (d) reflects that among 2p, orbitals from C and Be atoms, strong
hybridization exists in the valance band region resulting in sigma bond formation. A small
mixing of 2p, orbital of O atoms is observed below -2.6 eV and above +2.6 eV in a small
energy range (0.4 eV). The contribution from the O remains missing almost in the whole
energy range reported except lower intensity overlapping between Be and O 2Py, orbitals
near the end of the conduction band is seen. DOS from p, orbitals by all the three elements is
found in the whole reported energy range but disappears 0.8 eV (approx.) below and above
the Fermi level. However, the contribution decreases in order C, O and Be. Thus © bond
formation both in valance and conduction band is mainly resulting from overlapping of C and

O p, orbitals. The important difference between the previous and present discussions
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regarding PDOS is the overlapping of p,, orbitals of O and C near the end of conduction
band.

3.2.4 Three BeO molecules (pattern I)

We increased the foreign dopant concentration percentage to 18.75% in graphene
sheet by replacing three BeO molecules such that two BeO molecules reside on same sub-
lattice positions while the third BeO molecule is assigned to different sub-lattice sites.
Geometry optimization was performed until a fully relaxed structure was achieved. The Be-C
bond lengths were stretched to different values (ranging from 1.51 to 1.55 A). The C-O bonds
were in the range from 1.38 to 1.44 A as shown in Figure 12 (a). Simultaneously, Be-O bond
lengths are elongated up to 1.5 A. The structure stability was reduced as the cohesive energy
is reduced to — 7.39 eV/atom, adequately lower than the system discussed above (- 8.00
eV/atom). The charge density around O atoms increased as Be atoms have shifted their total
valence charge. The charge retained by O atoms is 4.87e (1.62e per O atom), which is greater
than the charge gain of 1.59¢ per O atom for the previous case. The charge transfer to
graphene sheet is calculated to be 1.13e per BeO molecule causing the charge redistribution
on C atoms from 2.80 to 4.74e. The average charge gain per C atom is 0.043e. Although the
nature (indirect) of the band-gap was observed to be the same as above mentioned case but its
magnitude was reduced to 0.60 eV relative to 0.80 eV obtained in case of two BeO molecules
positioned at hetero sites. However, this value is significantly higher compared to 1BeO
doping. This reduction in band-gap is due to the particular location of BeO molecules in

graphene sheet.

Figure 12: The optimized geometry of graphene sheet doped with 3BeO molecules

(pattern 1) is shown in part (a). Charge density plot can be seen in part (b). The band
structure of this optimized geometry is depicted in (c).
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3.2.5 Three BeO molecules (Pattern II)

This pattern of 3 BeO molecules shows that how the site variation in replacement
causes a band-gap to change both in magnitude and position. Here relative to the previous
configuration, 2 BeO molecules have changed their positions while third lies at the same
location as can be seen in Fig. 13(a). The local geometrical changes are not much different
relative to previous cases. As usual the longest bond distances are between Be and C, lower
ones are between Be and O and, the smallest ones are those where O atoms are associated
with C atoms or C-C bonds. All these changes occurred are visible in Fig. 13(a). The charge
density plot depicted in Fig. 13(b) shows reddish spots near the O atoms. This charge
accumulation is due to the extra charge received from Be atoms which lose their entire
valance (2ex3=6e) electrons (see charge depletion around Be in Fig. 13(b)). The 4.9¢ charge
is received by O atoms (being more electronegative) while remaining 1.1e are distributed in
the graphene sheet where charge variation occurs from 2.83 to 5.44e as dictated by Bader

charge analysis.

The electronic structure calculations reveal a band-gap of 0.82 eV. The energy gap is
found in the conduction band starting almost from the Fermi energy. In agreement with the
previous configuration, the nature of the band-gap is indirect; nevertheless, the magnitude is
substantially enhanced. The band gap is almost similar in magnitude and nature with the
configuration described in case of 2Be molecules doping at hexagonal positions (section
3.2.3). Its important to note that concentration of 18.75% when doping sites are not
symmetric, produces a similar band-gap as of 12.5% symmetric doping concentration. This
observation clearly indicates that the doping site is of critical importance for creation of band-
gap in agreement with a recent observation.* No Dirac cone is observed and linear dispersion

is destroyed.

Page 24 of 29




Page 25 of 29

RSC Advances

Figure 13: The optimized geometry of graphene sheet doped with 3BeO molecule
(pattern II) is shown in part (a). Charge density plot can be seen in part (b). The band

structure of this optimized geometry is depicted in (c).

4 Conclusions

The structural and electronic properties of beryllium (Be) and nitrogen (N) co-doped
and BeO molecular doped graphene systems were investigated employing density functional
theory (DFT) calculations. The central focus was on how the band-gap can finely be tuned as
a function of concentration and replacement site(s) change. As a general conclusion the bond
lengths around Be atom(s) expand while bond shrink around N atom(s) relative to the clean
graphene system in the optimized structures. The O atom(s) render the structure almost un-
altered. The Fermi level rises or lowers depending upon the doped concentration of hole(s) or
electron(s). Simultaneous doping of a hole (1Be) and electron (1N) produces a small energy-
gap of 0.30 eV, which is lower than the case when only 1 Be atom is doped.”® The gap
opening increases in the case when Be and N are substituted on the same hexagon. The
impurity substitution integrated at different sub-lattice positions cause to enhance the band-
gap to 0.62 eV. If holes and electrons are substituted at the same sub-lattice positions (A or B
sites) then band-gap is reduced. The foreign dopant concentration always does not help to
enhance the band-gap but even reduction in energy-gap may occur on concentration increase
subject to site variation. Additionally, the insertion of BeO molecule(s) is also position
dependent and energy-gap is not always proportional to the density of doped BeO molecules.
Hence, choosing a combination of sites for doping is of vital importance. Finally, our results
suggest that having control on the dopant position, a very fine tuning of the band-gap is
possible which make graphene a favorable material for its utilization in diverse electronic

device applications.
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