S.P. Repetsky, O.V. Tret’yak, 1.G. Vyshivanaya

PACS 73.20.At

S.P. REPETSKY,! O.V. TRETIAK,? I.G. VYSHIVANAYA ?

! Taras Shevchenko National University of Kyiv
(64, Volodymyrs’ka Str., Kyiv 01601, Ukraine; e-mail: srepetsky@univ.kiev.ua)
2 Taras Shevchenko National University of Kyiv, Institute of High Technologies
(49, Academician Glushkov Ave., Kyiv 03127, Ukraine)

ELECTRON STRUCTURE
AND ELECTRIC CONDUCTIVITY
OF GRAPHENE WITH A NITROGEN IMPURITY

On the basis of the tight-binding model with the use of exchange-correlation potentials, the
electron structure and the electric conductivity of graphene with a nitrogen impurity have been
studied in the framework of density functional theory. The wave functions of 2s and 2p states
of neutral noninteracting carbon atoms are selected as the basis ones. Band hybridization was
found to result in the splitting of the electron emergy spectrum near the Fermi level. In the
nitrogen-doped graphene, owing to the overlapping of 2p energy bands, the mentioned gap is
realized as a quasi-gap, in which the electron density of states has a much lower value in com-
parison with the other spectral region. It is found that an increase in the nitrogen concentration
reduces the electric conductivity of graphene, although the density of states at the Fermi level
grows at that. Hence, the reduction of the electric conductivity is associated with a sharper
decrease in the relaxation time for electron states.
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One of the ways to intentionally modify the graphene
properties in order to use them in nano- and spin-
electronics consists in doping graphene with atoms of
other elements. Impurities can stimulate a change of
the crystal lattice symmetry and the formation of ad-
ditional energy gaps with the width depending on the
impurity type and the concentration [1-7].

In works [1, 2], the gapping of the electron en-
ergy spectrum near the Dirac point, when the impu-
rity concentration increases, was studied analytically
in the framework of the simple Lifshitz single-band
model for a disordered crystal. In work [3], the elec-
tron structure in an isolated graphene monolayer, as
well as in bilayered and three-layer graphene grown on
ultrathin layers of hexagonal boron nitride, h-BN, was
considered in the framework of density functional the-
ory with the use of the method of pseudopotential. It
was shown that, in the case of a single graphene layer
on an h-BN monolayer, there emerges an energy gap
57 meV in width. In work [4], an analogous method
was used to study graphene with aluminum, silicon,
phosphorus, and sulfur impurities. It was shown that
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graphene doped with the phosphorus impurity to 3%
has a 0.67-eV gap.

In work [5], the electron structure of graphene was
studied in the framework of density functional theory
with the use of a generalized gradient approximation
for the exchange-correlation potential. With the help
of the software package QUANTUM-ESPRESSO, a
possibility of gapping in the energy spectrum of
graphene doped with boron and nitrogen atoms (a
gap width of 0.49 eV), as well as boron atoms and
lithium ones adsorbed on the surface (a gap width of
0.166 eV), was demonstrated.

In works [6, 7], methods that allow a direct mea-
surement of the Dirac point and Fermi energies in
graphene included in various heterostructures were
proposed and applied. In particular, in the case of
graphene in a multilayered Al;O3/graphene/SiO5/Si
structure, the energy of Dirac point was found to
equal 3.58 eV, and the Fermi energy to 3.25 eV [6].

However, the influence of impurities on the electron
structure and the related properties of graphene has
not been studied enough. In this work, on the basis of
the multiband model of tight binding, we considered
the influence of the nitrogen impurity on the electron
structure and the electric conductivity of graphene.
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Electron structure and electric conductivity of graphene

The researches were carried out, by using the method
of cluster expansion of two-time Green’s functions
for the electron subsystem in a disordered crystal,
which was developed in works [8-13]. In this method,
the approximation of coherent potential comprises
the zeroth-order approximation. The contributions of
the processes of electron scattering by clusters were
shown to decrease as a certain small parameter, when
the number of sites in the clusters increases [8]. In
the cited works, the electron-electron and electron-
phonon interactions were described on the basis of
a diagram technique for temperature Green’s func-
tions. The method is a generalization of the known
technique for a uniform electron gas [14], with the
known relations between the spectral representations
for the temperature and two-time Green’s functions
being used at that.

While calculating the energy spectrum and the
electric conductivity of nitrogen-doped graphene, the
actual wave functions of the 2s and 2p states of neu-
tral noninteracting carbon atoms are chosen to form
the basis set. The wave functions of neutral non-
interacting atoms are determined from the Cohn-—
Sham equation of density functional theory. The
exchange-correlation potential is calculated in the
meta-generalized gradient approximation [15]. The
matrix elements of the Hamiltonian are calculated,
by using the Slater—Koster method [16], and only first
three coordination spheres are taken into account.

Neglecting the contributions from the electron scat-
tering by clusters containing three and more atoms
(they are small in the parameter indicated above [8]),
we obtain the expression for the electron density of

states,
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where i is the sublattice number, v the number of
sublattices, v the energy band number, and o the
quantum number describing the electron spin projec-
tion on the axis z. In Eq. (1),
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where ¢"1%1 is the operator of scattering by one site,
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and Py and P, J/ 0; are the probability and the condi-
tional probability, respectively, for the arrangement
of the atoms of sort A\. In expressions (1) and (2),
G = GT is retarded Green’s function of the effective
medium described by the coherent potential o™t .

Using the Kubo formula and the indicated diagram
technique, in works [9-12], an expression for the elec-
tric conductivity of the electron subsystem in a dis-
ordered crystal was obtained. Neglecting the contri-
butions of the scattering by clusters composed of two
and more sites, the static conductivity can be written
in the form [11-13]
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Fig. 1. Dependences of the electron energy in pure graphene
on the absolute value of wave vector k for the energy bands 2s
(1 and 2), 2p; (8 and 4), 2p. (5 and 6), and 2p, (7 and 8)
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Fig. 2. Energy dependence of the electron density of states,
g(e), in graphene doped with the nitrogen impurity to 1%:
total density of states (1), partial density of states 2s (2), 2px
(3)7 2py (4)7 and 2pZ (5)
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Fig. 3. Energy dependences of the electron density of states,
g(€), in graphene doped with the nitrogen impurity to 1 (1), 5
(2), and 10% (3)
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f(e) is the Fermi distribution function, V' the vol-
ume of the elementary cell, e the electron charge,
and & Planck’s constant. In formula (3), AG(%(El, €9)
is a component of two-particle Green’s function,
which is expressed in terms of the vertex function
for the mass operator of electron-electron interaction
[11]. Numerical calculations showed that the contri-
bution of the last term does not exceed a few per-
cent; therefore, it was neglected in our further cal-
culations. The operator v, of the a-projection of the
electron velocity in formula (3) equals

1 9hy (k)
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The energy spectrum and the electric conductiv-
ity of graphene are calculated for the temperature
T = 0 K. In Fig. 1, the dependences of the electron
energy ¢ in pure graphene on the wave vector k ob-
tained from the condition for Green’s function poles
are shown. The vector k is assumed to be directed
from the center of the Brillouin zone (point I') to the
Dirac point (point K). In Fig. 1, a = v/3ag, where
ag = 0.142 nm is the minimum distance between car-
bon atoms.

In Figs. 2 and 3, the energy dependences of the
electron density of states, g(e), in nitrogen-doped
graphene, which were calculated by formula (1), are
depicted. Nitrogen atoms replace carbon ones at the
sites of the graphene crystal lattice. The vertical lines
mark the corresponding positions of the Fermi level.
In Fig. 3, a section of the energy spectrum near the
Fermi level is exhibited.
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From Figs. 1 to 3, it is evident that the band hy-
bridization results in the gapping in the 2p, energy
band, which is connected with the (ppm)-bond [16].
Electron states in that band are described by atomic
wave functions of the z-symmetry. Carbon atoms in
pure graphene are located in two nonequivalent posi-
tions of the elementary cell. As a result, two energy
bands correspond to the same bond type (Fig. 1). The
Fermi level is located in the middle of the gap. Its
position corresponds to the position of the Dirac
point. The gap width equals 0.008 Ry ~ 1 eV, and the
Fermi level ep = —0.23 Ry = —3.13 eV. In graphene
with the nitrogen impurity, owing to the overlap-
ping of 2p bands, the gap mentioned above man-
ifests itself as a quasi-gap in the electron energy
spectrum. The electron density of states in a vicin-
ity of this quasi-gap is much lower in comparison
with the neighbor spectral regions (Fig. 2). The po-
sition of the Fermi level in the energy spectrum de-
pends on the nitrogen concentration and falls within
the energy interval —0.36 Ry < erp < —0.23 Ry. As
the nitrogen concentration increases, the quasi-gap
width decreases, and the Fermi level shifts toward
the left quasi-gap edge. The theoretical values of
Fermi level energy for pure graphene agree with ex-
perimental values for graphene in the multilayered
Al O3 /graphene/SiO/Si structure [6].

In Fig. 4, the dependences of the components o,3
of the static electric conductivity tensor on the nitro-
gen impurity concentration calculated by formula (3)
for the temperature 7' = 0 K are shown. The z-axis is
directed toward the nearest neighbor atom. The con-
ductivity was calculated for nitrogen concentrations
denoted by points, and the points are connected by
straight lines. As is seen from Fig. 4, the conductiv-
ity of graphene decreases, as the nitrogen concentra-
tion grows. For comparison, the experimental value of
electric conductivity in graphite at the temperature
T = 300 K equals o = 9.82 x 10° Q= 'm~! [17].

In Fig. 5, the concentration dependences of the par-
tial 2s and 2p components of the o, component of
the static electric conductivity tensor are shown. One
can see that the main contribution to the conductiv-
ity is made by the electron states that are described
by the 2p, atomic wave functions [16].

In order to examine the nature of the concentration
dependence of the electric conductivity in graphene,
let us write down the limiting expression for this pa-
rameter in the case of weak scattering, which follows
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Fig. 4. Dependences of the components of the electric con-
ductivity tensor on the nitrogen impurity concentration c¢: oz

(1), oyy (2), and oy (3)
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Fig. 5. Dependences of the partial 2s and 2p components of
the component oz, of the electric conductivity tensor on the
nitrogen impurity concentration c: 2s (1), 2ps (2), 2py (3),
and 2p: (4)

from the general formula (3) in the single-band ap-
proximation [12]:

P e2h9<5F)V2(5F)
ao 391 | Eu (€F) | 9

where ¥ (ep) = Im¥(ey) is the imaginary part of the
mass operator of Green’s function, v(er) the electron
velocity at the Fermi level, and €2, the volume per one
atom. The relaxation time of electron states, 7(ef),
is determined by the relation |X"(ep)| 7(er) = h.

In Fig. 6, the concentration dependences of the to-
tal imaginary part of the mass operator of Green’s
function and its partial 2p, component are shown. In
Fig. 7, the concentration dependences of the total
electron density of states at the Fermi level and its
partial 2p, component are exhibited. Since the elec-
tron density of states at the Fermi level grows with
the nitrogen concentration (Fig. 7), the reduction of
the electric conductivity (Figs. 4 and 5) is explained
by a more drastic reduction of the relaxation time for
electron states (Fig. 6).
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Fig. 6. Dependences of the (1) total imaginary part of the
mass operator of Green’s function for graphene and (2) its par-
tial 2p, component on the nitrogen impurity concentration c
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Fig. 7. Dependences of the (1) total electron density of states
in graphene at the Fermi level and (2) its partial 2p, component
on the nitrogen impurity concentration c

Thus, it is found that the band hybridiza-
tion results in the splitting of the electron en-
ergy spectrum near the Fermi level. The gap width
equals 0.008 Ry ~ 1 eV, and the Fermi level ep =
= —0.23 Ry =~ —3.13 eV. In graphene doped with
the nitrogen impurity, owing to the overlapping of p
bands, the indicated gap manifests itself as a quasi-
gap. The position of the Fermi level in the energy
spectrum depends on the nitrogen concentration and
falls within the energy interval —0.36 Ry < ep <
< —0.23 Ry. As the nitrogen concentration increases,
the quasi-gap width decreases, and the Fermi level
shifts toward the left quasi-gap edge. The reduction
of the graphene conductivity at higher nitrogen con-
centrations is connected with a decrease of the relax-
ation time of electron states.
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EJIJEKTPOHHA
CTPYKTVYPA TA EJIEKTPOITPOBIJHICTbH
T'PA®EHY 3 JOMIIIKOIO ABOTY

Peszmowme

Ha ocHoBi Moies1i cuibHOTO 3B’I3Ky 3 BUKOPUCTAHHSIM OOMiH-
HO-KOPEJIANIMHUX IOTeHIasiB y Teopil ¢dyHKIiOHaIa TyCTH-
HU JIOCJIiIPKEeHa eJIEKTPOHHA CTPYKTYPa Ta €JIEKTPOIIPOBIIHICTH
rpadeny 3 goMimikoro azory. B posi 6asucy BubmparoThcst XBU-
1p0oBl dyHKHil 2s-, 2p-craHiB HEATPAJIHHUX HEB3AEMOIIIOUNX
aToMiB ByrJIelo. BcraHoBieHO, 1110 riOpuan3allis 30H IPU3BO-
IUTH IO PO3IIEIJIEHHSI €HEPIreTUIHOIO CIIEKTPa €JIEKTPOHIB B
obstacti piBus @Pepwmi. ¥ rpadeni 3 HOMIIIKOIO a30Ty 3aBs-
KM TIEPEKPUTTIO 2p-€eHEPreTUYHUX 30H 3rajlaHa BUILE IIIJIMHA
MPOSIBJISIETbCH K KBaziliyinHa, B 00Js1acTi KOl IycTHHA eJie-
KTPOHHUX CTaHIB Ma€ 3HAYHO MeEHIEe 3HAa4YeHHs IOPIBHSAHO 3
iHIIIOIO OOJIACTIO CIIEKTpa. BCTaHOBJIEHO, 10 31 30iIbIIeHHSIM
KOHI[EHTpAIIil a30Ty eJIEKTPOIPOBiIHICTL rpadeHy 3MeHIIye-
ThcsA. OCKIIbKY 31 301/IBIIIEHHSIM KOHIIEHTPAIIl a30Ty I'yCTHHA
craniB Ha piBai PepMi 3pocTae, TO 3MEHIIIEHHST €JIEKTPOIIPOBiI-
HOCTI 3yMOBJIEHO OLJIbIII PI3KMM 3MEHIIIEHHIM 4Yacy peJrakcariil
€JICKTPOHHUX CTaHiB.
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