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ABSTRACT KEYWORDS
Energy band nonparabolicity is present in the materials such as graphene, Nonparabolicity;
GaAs, HgCdTe, InSh, wurtzite GaN etc. The energy levels for the Density of states;
nonparabolic subbands are different from parabolic subbands. Inthiswork Graphene;
we discuss about nonparabolicity factor and find its numerical value in Kane’s k.p model.

monolayer, bilayer and multilayer graphene. We aso discuss how the
nonparabolicity affects the density of states of graphene. The density of
states function tells us how many quantum states are available in the
band per unit energy level. The nonparabolic effects are more pronounced
in two-dimensional system because carriersin subbands are always away
fromthe band edge. Here, we use adispersion relation that can be used to
describe nonparabolicity in a variety of materials and device structures.
This dispersion relation is based on Kane’s k.p model and is suitable for
both narrow and widegap nonparabolic materials.
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The effect of nonparabolicity in energy band on
semiconductor device has been noticed in the case of
bulk material™¥, inversion layer¥, heterojunctionin- =~ S SErT TvEyT oYY
terfaces¥, quantum wellg%8 and superlattices®9. The | /1N AR
nonparabolicity iswell established in narrow gap de- . RS
vices. Someexamplesof non-parabolic solid state ma ‘ g e
teridsareHgCdTe, GaAsand graphene. Thesituation | L . By B, e: e |
iscomplicatedinwideggpmateridssuchasGaAsand =~~~ i Smis wa—
graphenewhen spin orbit interaction istaken into ac- | | |
count.

Graphend™ istherecently discovered thinnest and |
strongest ever measured material intheuniverse. Its | | |
chargecarrier exhibit intrinsic mobility and can travel Figure1: Honeycomb structureof graphene
micrometer long distance without scattering at room  They are packed into adensehoneycomb crystal struc-
temperature. Thisisamonolayer of carbonatoms™*.  tyre. Carbon atomsarearranged in hexagonal struc-


mailto:banerjee.debosmita3@gmail.com;
mailto:sukadevsahoo@yahoo.com

NSNTAIJ, 7(6) 2013

D.Banerjee and S.Sahoo

235

tureand havetwo atoms per unit cell. The carbon-car-
bon bond lengthis 1.42A° (Figure 1),

Thispaper isorganized asfollows: Insection 2, we
discussabout band structure of monolayer graphene.
In section 3, we discuss band structure of bilayer
graphene. In section 4, we eva uatethe nonparabolicity
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factor of graphene and discussthe dependence of den-
Sity of statesonit.

BAND STRUCTURE OF MONOLAYER

GRAPHENE
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Figure2: Band structure of monolayer grapheng 4%

The electronic band structure of monolayer
grapheneisgaplesswith crossing of thebands at two
pointsK, and K _located at the cornersof the Brillouin
zone. Although thefirst Brillouin zonehassix corners
only two of them arenon equivalent pair. Itispossible
to connect two of theother cornersto K, using arecip-
rocal |atticevector (Hencethe other two areequivalent
toK,) anditispossibleto connect K, and K_witha
reciprocal lattice vector. To distinguish between K and
K anindexa=+11isused. Using this values of primi-
tivelatticevector b, and b, it can be seen that thewave
vector corresponding to point K, isgivenby K, =4
(40/3a,0). The K points are called “valley’s using no-
mencl ature from semiconductor physics. Exactly at the

k, point, k=K. Thisindicatesthat thereisno coupling
between theA and B sublatticesexactly at theK,, point.
Thetwo sublatticesare both hexagona Bravaislattices
of carbon atoms.

BAND STRUCTURE OFBILAYER
GRAPHENE

Bilayer graphene consists of two weakly Vander
Waal s coupl ed honeycomb sheets of covalent bond
carbon atoms. Thesystem can bedescribed interms of
four sublattices. Therearefour energy bands, two con-
duction bandsand two vaencebands. Overdl, theband
structureissimilar to that of monolayer graphene, with

L O

Figure 3: Band structureof bilayer graphene49
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each monolayer band split into two by an energy. The
most interesting part of the band structureisinthevi-
cinity of theK points, asshownintheleftinset of Fig-
ure 3which focusesonthebandsaround K .

NONPARABOLICITY FACTOR OF
GRAPHENE

For energiesabovek = 0 of the order of afraction
of the band gap the conduction band becomes
nonparabolic. At thispoint straight forward perturba-
tion theory breaksdown because of thesmall band gap
the nonparabolic nature of the conduction bandwill be
important at high temperature or high eectron concen-
tration.

Kane considered both k.p interaction>2 and spin
orbit coupling as perturbationsto theclassical Hamilto-
nianinisotropic materid. TheresultingHamiltoniancan
be diagonalized exactly and doesnot in principlere-
quirethecarrier kinetic energy E to besmall. However
Kane’s solution is accurate only if the interaction with
the other bands can be neglected which doesimply a
small E. Wedefine E, astheprimebandgapandE as
the split of splittingwhich can bewritten®9 as:
E'(E'+EQ)(E"+E +E,)=k*PYE"+E +2E,/3) )
where E'= E-(lk?/2m ?) and PisKane’s momentum.
At the band extremum E ~ 0.

We can approximate (1) taking upto second order
terms (E2)[26171
hek?/2m, ~ E+aE? @)
wherem, istheeectron effectivemassat theband mini-
mum and o isthe nonparabolicity factor. eq.(2) repre-
sentsdispersionrelation whichisbased on Kane’s k.p
model. The nonparabalicity factors can be determined
from (1) and (2)

1 1 2p2 Eg+ _1 _m 1
m, m, +ﬁ Eg+A’ * (1 mo @
Using eg.(3) we can determi nethe numerical value of
nonparabolicity factor for different materias.
Inthe case of GaAs, m, =0.067m,

o= 1E (1-.067)*=0.87/E @)

Inthe case of graphene nonparabol icity factor depends
on el ectron effective mass
Sothenonparabalicity factor of monolayer graphene
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a) Monolayer grapheme 0.0

b) Bilayer grapheme 0.022

) Multilayer grapheme 0.031
0=1VE (1-0°=1VE, 5)
Incaseof bilayer graphene, the nonparabol ocity factor
a = 1/E,(1-.022)°= 0.956484/E (6)
In caseof multilayer graphene,
a = 1/E (1-.031)?= 0.4761/E )

DENSITY OF STATESOF GRAPHENE

The statesin the bands and their dependence on
energy aredescribed by density of states. In semicon-
ductor heterostructures, thefree motion of carriersis
restricted to two, oneor zero

spatid dimenson. Here, weusethefollowingrela
tionsto determinedensity of statesof graphend¥:

E(k) =+ hVe/ k2 + k2 V(K) = :j—i_vf._ ©)
wherethe Fermi velocity V, =1x10°cm/s,
Thedensity of states of graphene can beevaluated as

Din(E) ——2 S(E — Ey) ,A (mzxz f 8(E—Ep)2nk dk  (9)

E, =hv k dE, =V dk kdk=E, dE /H?V§
Here, thefactor 2isdueto valley degeneracy (g ) of
graphene.
Putting the abovevaluesin eg. (9) we get

Dip(E)= th f 8(E — Ex )ExdEx (10)
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Figure4: Dependence of density of states of graphene on
nonparaboalicity factor. In X- axisnonpar abolicity factor and
along Y axisdensity of stateshavebeen plotted.
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IE
Dop(E)= ——e (1)

Takingthehelp of eg. (2), equation (11) can bewritten
as

h?k?-2aE%m,

2m4

1

Dop=2(

) X

1h2 V?
h?k?-20E2m, 12)

2m, n:hz'ujz.«

Dop=

Eq. (12) representsthe dependence of density of states
of graphene on nonparabolicity factor. Itisshownin
Figure4.
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