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Abstract: Impact of induced strain on charge carrier magpbitt investigated for a monolayer graphene
sheet. Mobility is computed within Born approxineeti by including impurity scattering, surface
roughness effects and interaction with lattice mmsn Unlike its sSi counterpart, strained graphene
shows a drop in mobility with increasing strain.iMaeason for this effect is decrease in Fermi cigfo
due to induced distortions in the graphene honepcom
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Since its discovery the most explored area in the
study of the 2D graphene sheet is its electronic
properties. However, recently, a whole new
wealth of information about graphene has
emerged following the reports on its mechanical
and other non-electronic properties. Graphene is
the strongest material ever measured, with a
breaking strength of~40N/mand Young's

modulus ~1.0TPa [1]. Its thermal conductivity
has been reported at a record value of ~5000

Wm™K ™ [2]. Moreover, graphene was shown
capable of withstanding reversible strain of as
high as 20% [1]. Additionally, strain is a way
forward towards bandgap engineering which is
essential to  convert  graphene into
semiconductor  [3-4]. Collectively, these
characteristics increase graphene’s potential as a
material of choice for NEMS and sensory device
applications. Within these emerging novel
properties, strain is considered very crucial as it
promises whole new prospects for studying
electronic transport [5]This is an idea being
researched extensively theoreticall, 6-14].
Although, fabricating an electronic device to
extract Hall or field effect mobility in graphene
while applying strain is a massive technological
challenge, with recent efforts such as in ref. [15]
it does not seem long before it takes shape. In
the mean time however, several new non-
electronic characteristics of graphene have
emerged when studied under controllable
applied strain [15-22].

The 2D nature of graphene means that strain
laterally propagates within a layer without
diminishing. Coupling this with its high
resistance to both elastic deformation and
breakage [1, 17], and additionally its high

electronic quality [5, 23] provides motivation to
explore changes in its electronic properties when
put under strain. A further encouragement to this
fact comes from theoretical reports on opening
of a band gap in graphene for strains higher than
20% [3]. The importance of such a result for
prospects of future graphene applications adds
to our interest in further understanding its
behaviour under applied strain. In this study we
involve the complete spectrum of the typical
nearest neighbour hopping parameters in the
tight binding description of the density of states
for a graphene lattice. The former are a set of
three parameters which are reduced to one due
to symmetry considerations [24], which is not
applicable to graphene under strain. In the latter
case the unit cell lattice vectors are strain
dependent and they carry this dependency into
the nearest neighbour hopping parameter
description [3]. This enables one to describe the
density of states and ultimately the Fermi
velocity as a function of strain [25]. Considering
three scattering mechanisms namely: remote
impurity, phonon and surface roughness, we
determine the Fermi velocity in the close
vicinity of the Dirac point, and ultimately the
conductivity dependent mobility of the charge
carriers. Our results show that for applied strain
along the special crystallographic orientations of
Zigzag (z) and Armchair §) the mobility of
charge carriers is particularly degraded in the
interval 2 <7 =10%, the latter being the limit

of strain used in our simulations. The reduction
is more prominent in the direction to that in
the 2. Temperature dependent investigations
revealed a significant drop in mobility midway
of the above mentioned range of strain only in
the z direction.



1. Electronic Properties of Graphene

Graphene is the first known stable 2D material
[23]. It is an allotrope of carbon composed of
periodically arranged hexagons in a 2D one-
atom thick infinite sheet. It is also considered as
a semimetal with zero bandgap. Figure 1
illustrates a section of the infinite hexagonal
network. Some prominent associated parameters
are also sketched.

In equilibrium, distance between two adjacent

[o]
carbon atoms is, = 142A . Since each atom is
shared by three adjacent hexagons thus the unit
cell encloses one-third of each atom this leads to
two atoms per unit cell. These two atomic sites
are denoted by (filled circles) and B (empty
circles). Each atomA(B) has three nearest
neighbours B(A) and six next nearest

neighbours A(B). The two primitive lattice
vectors area=a(10) and b =a(-12,v3/2),
where a = \/§aowhile the lattice vectors joining
siteA to siteB are denoted by, (i = 1,2,3).

Graphene’s electro-magneto properties are
sensitive to the edge effects [26-27], in
particular along the two prominent directions
viz. Zigzag &) and Armchair §), depicted with
broken lines in fig. 1. The coordinate axes can
always be chosen such that x-axis is aligned
along the z orientation. Angle represents
arbitrary vector directed in between and a
orientations.

Each carbon atom in graphene possesses four
valence electrons. The three in-plageorbitals

are tightly bound to neighbouring atoms. The
fourth loosely boundn orbital is perpendicular

to the sheet and contributes to the electrical
conductivity [28]. In the tight-binding model
(TB) the energy bands in terms of nearest
neighbour orbital hopping integralst(, in fig.

1) is given by [13]:
E = +[t, +t,e7 k&) +t1e'”‘m‘ (1.1)

where + signs are for conduction and valence

bands, respectively.k:(kx,ky) is the 2D

wave-vector associated with charge carriers with
energyE . First Brillouin zone (BZ) of the
graphene unit cell is a hexagon itself.

The 71 orbitals of the valence and conduction
bands cross at two corneksand K' of the BZ
also known as Dirac points. Charge carriers near
the Dirac point behave like masseless particles,

Part of infinite honeycomb network. Unit cell
with two atoms A and B per cell. Hopping parameters
t’s and bond lengthsd;’s are also shown. Lattice

primitive vectors are denoted byandb. Also shown are
two distinctive directions in the network viz. zag and
armchair. a, is the C-C distance. x-axis is aligned along

zigzag orientation.

also for an intrinsic graphene Fermi energy is
zero at thesé& points.

Hamiltonian H of 72-bands near a Dirac point
is described by the Dirac-Weyl equation [24,
291

HW, =ive ok, + ok, )Wy =EW, (1.2)

where v is the Fermi velocity which is
independent of charge carriers energy,and
o, are Pauli spinors and: is the reduced
Plank's constant. Eigenstates of Dirac-Weyl
equation are given by plane wave as:
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where A is the area of the system and
r =(x,y) is the in-plane vector with

1 (€% L[k
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The overlap of wave-function between initial
and final states can easily shown to be [30]:

W, (1.3)
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where @ is the angle between initial wave-
vector k and the final scattered wave-vector
k'.

In equilibrium conditions the dispersion relation
E(k) near the Dirac point is given by utilizing
equation (1.1) and (1.2) as [28]:



E = +7v K| (1.6)

Note at equilibriunt;=t,=t3 = 3.03eV [30] and
01= 0,= 03 =,
Electric transport is affected by the number of
available vacant states in the system. In case of
graphene, density of states (DoS) defined as
1 ' .
D(E)= K; o[Ek)-Ek") can easily shown to
be:
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where g, =2 and g, =2 are introduced as the
valley (K&K' points) and spin degeneracy,
respectively. In terms of hopping parameter
t,and C-C distances,, the Fermi velocity is

. _ 3,3, .
given by Vg T which turns out to be

around 300 times less than the speed of light.

Fermi velocity can alternatively be defined in
terms of the unit cell ared, as [24]:
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where A, = > €

(1.8)

and o, = \/§t§ This form
is useful in the coming discussion.

1.1 Applied Strain

If strain is applied the lattice vecto’s are
modified as:

8, = (I, +n)B®° (1.1.1)

where 8”’s corresponds to the relaxed lattice
vectors within the graphene unit cell,,, is
identity matrix of order 2 and the strain maitix
is given by [3]:
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where 7 is the applied strain and = 014 is
the Poisson’s ratio for graphene [31]. The
deformation of lattice vector$,’s modify the

hopping parameterts’s accordingly [3]:
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The two distinctive directions in a graphene

layer viz. z and 2 corresponds tad =0 and
J=nl6 respectively, whiled=n/3 is the
periodicity of system ing. It is also reported
for n <20% no change in bandgap is observed
[3]. Simulations in this work will be bound to
this limit.

DoS of the system is also altered by the induced
strain. In general DoS is given by [25]:

E
(E)= 2 F s
m (A p)
where A, is the area of the deformed unit cell
and:

(1.1.4)
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comparing equation (1.1.4) with (1.7) one may
define the “effective” Fermi velocity as

l I>< U
Ve =— M which reduces to equation
h 2

(1.8) in the conditioryy =0. The parametep;
decreases monotonically with increasing strain.

The effective Fermi velocity reduces with
increasing strain. Our simulations reveal an
initial linear drop in Vg with increasing

(slope of ~-12x1Ccmys for n<10%)
consistent with the recent study [7] and then
relatively sharp drop i for 7 >10%. Thus it
is expected that with increasing strain the dc

conductivity and the corresponding mobility
will be degraded.

2. Transport Models in the Vicinity of
Dirac Poaint

DC conductivity and the corresponding mobility
is calculated using the rigorous linearization of
the Boltzmann transport equation, given by in
the absence of external magnetic field as [32]:
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where v, is the charge carrier’s velocity arfg],

is the applied electric field. The electric field
dependent distribution functior,® is expanded
around the equilibrium valuef, such that

fC =f, +g,, where g, is assumed to be weak
perturbation to thef, . Further in the Relaxation
Time Approximation (RTA) the term
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is the relaxation time. It can be readily shown
that [33]

= Zw(k,k’)(l— cosd)  (2.2)
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The quantum mechanical scattering probability
W(k,k') can be computed within Born
approximation as:

(kk) yv

The Dirac delta function ensures the
conservation of energyAE is the change in

energy, if any,

“S(E. ~E TAE) (23)

defined as:
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where z//k(r) is the wave-function associated

== j welr (24)

with charge carrier and"(r) is the perturbation

potential of the W type responsible for
scattering in the system of ar@a

The electric currentd in terms of carrier
velocity and the distribution functiong, is
given by [34]:

J= ngS Za/k gk

(2.5)
with g, =er,v, [E.d(¢ —ve7k) is the solution
of the linearized Boltzmann equatiod. is the
chemical potential in the system. Additionally,
the effective scattering rate:

1 1
=2 ™(g) (2.6)
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is utilized to compute electric conductivity,
within Kubo-Greenwood transport formalism as:

jED(Ereﬁ —oF |0E)dE
jE —of 0E)dE

*T2

And finally the carrier mobility; in terms of

conductivity and carrier density, is calculated
as:

e (2.8)
en
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2.1 Remote Impurity Interaction

Charge impurities present in the substrate is one
of the significant sources of mobility
degradation in graphene [30, 35-36].KAspace

the Coulomb scattering potentf (r) is given

by:

Vi (q) — Zﬂeze_dq
Kq

S
where charged impurities in the substrate are
assumed to be at a distandeaway from the
graphene sheet, the scattered wave-vector
=|k —k'| = 2ksing/2 and « is the effective

dielectric constant of the system. Inclusion of
screening effect is vital in observing the impact
of charge impurity. In particular for graphene
the screened Coulomb potential results in the
matrix element as:

ALC)
Cl=1Ys 0
Ve =) wr )
where e(q) is the static dielectric function for a

2D graphene sheet. Starting from the Lindhard
function and under random phase approximation

(RPA) [37] £(q) is given in terms of
polarization functiori'l(q) as [30]:

(2.1.1)

(2.1.2)
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where " = f(E )+ f(E, +2¢) with f(E) is
assumed to be the Fermi-Dirac function.

Finally the scattering rate for the Coulomb
interaction is the presence of charge centres
per area is then derived as:
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2.2 Surface Roughness Interaction

As with any surface and/or interface graphene-



deposited on the substrate has a non-smooth
surface. Impact of surface roughness on charge
carrier mobility is extensively studied for quasi-
2D structures [38-41] to name but a few. In this
work the impact due to difference in the
dielectric values at the graphene/substrate
interface is taken into account. The interface
randomness is, as usual, modelled by the
autocovariance function betweefd -the rms
height of the random interface “steps” and

the average width of the same fluctuation. For
an exponential autocorrelation form the power

spectrum densitj/S(q)|2 is given by [40]:

3
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In the presence of two different dielectric
materials at the interface polarization charges
are created. The potential induced by such
polarization is given by [41]:

ORI

Where the parametef = (¢, “%ub)/ &g+ &an)
with £,and £, denote the dielectric constants

of the graphene and the substrate, respectively.
Effective electric fieldEy; at the graphene side

of the interface is defined here as

(2.2.2)

€ . .
Eq :£—(ni +ns), while z, is taken asA of
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the interface.
The mismatch of the dielectric constants at the
interface also introduces image charges [39].
For sufficiently thick substrate the scattering
potential associated with image charges is given
by [41]:

mo(q) = €EA° [ Kilaz) &
vmlo)= o K82 )| 229

where K, and K, are modified Bessel functions

of the second kind of order zero and one,
respectively. Net impact of these two scattering
sources is thus given by:

VR (a) =V (a)+Vve™ (a)

Note that the net scattering strength not only
depends on the dielectric properties of the
substrate but more importantly on the difference
between the dielectric properties of the two
materials at the interface. Surface roughness
induced scattering potential thus vyields the
scattering rate as:

(2.2.4)
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Phonon Interaction

(2.2.5)
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For ambient and higher temperature regime
carrier-phonon interaction is a major cause of
mobility degradation in electronic devices [42].
Low energy acoustic phonons are treated under
elastic scattering approximation. It is reported
that group symmetry forbids TA phonon modes
to exist for graphene [36, 43], therefore only LA
mode of the spectrum is taken into account with
relatively stronger coupling (see discussion
below).

The scattering potential associated with acoustic
phonons is given by [33, 44]:

D
Vac(q):i

kBT i(qm-wt)
s e 2.3.1
Vo \/ 2pg A ( )

where D,. is the deformation potential of the
graphene latticep, is the surface density of the

system. Phonon velocity is denoted By, , kg

is Boltzmann constant anfl is the temperature
in Kelvin's scale. Here linear phonon dispersion
is assumed (i.e. acoustic phonon frequency

@ =Vv,,q) and equipartition approximation is

applied which is valid for moderate to higher
temperature regimes.

Impact of screening on electron-phonon

interaction is long debated however via

simulations the ineffectiveness of screening in
case of electron-phonon scattering is concluded
[45], following this, dynamical screening is not

included here.

Finally the acoustic phonon scattering rate is
derived through the evaluation of matrix

element as:
1 _ 27| DZkgT
— = == D(E) (2.3.2)
™ h (SVthpg
Non-polar optical phonons are treated
inelastically in the simulations. Similar to

acoustic phonon spectrum only LO phonons
contribute towards scattering mechanism. The
interaction potential in this case is given by [33]
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where N, is the Bose-Einstein distribution
function, D, is the deformation field associated
with vibrating lattice sitesj = -1 is for phonon
absorption (upper sign) and =+1 is for
emission process (lower sign). Optical phonon
frequency is denoted byw” and in the
dispersion region of interest it bears a constant
value «,, independent of the transferred wave-
vector q .

The interaction potential leads to the scattering
rate as:

2 .
L 27 hDy (Nogi'_j
r® | 4oy @, 272) (234
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where the Heaviside step functioﬁ)(x) is

introduced to account for only physically
possible scattering events.

3. Results

For the Coulomb interaction the location of
charge centres in the substrate away from the
interface is taken asl =1nm [35] while the

charge densityn, is assumed to be around
15x10" #/cm?.

Unless graphene surface topology is thoroughly
investigated the autocorrelation of the step width
A and rms step heighh will be used as fine
tuning parameters to simulate observed
mobility. With the exponential autocovariance
model used hereA and A parameters are
taken as 1.0nm and 05nm, respectively.
Relative dielectric constant of graphene is
assumed to be 5.7 [36].

In the phonon interaction model the value of
acoustic deformation potenti&,. is not settled
yet. In literature values as small d§5eV to as
large as 30eV are quoted [36, 46] (and

references within). Ignoring the anisotropy of
the deformation potential a single constant value
D,.~20eV is used in this work. Phonon

velocity v,, of the LA branch is set to

20x10°cmys and graphene density is taken as
P, =76x10°g/cm? [47]. The deformation
field constantD, appearing in optical phonon
model is assumed to have the strength of
20x10° eV/cmwhile LO phonon is associated
with energy offic,, =152meV [36].

Figure 2 shows, in the absence of any strain, the
relative scattering strength of the three scatgerin
mechanisms studied here. Both phonon and

surface roughness scattering rates tend to
increase with carrier’s energy.
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Scattering rate for lattice phonon, impurity
charges and surface roughness interaction at room
temperature. For electron energy > 0.15eV optitanpn
emission process is possible and thus a sharpasers
phonon scattering rate is observed. Coulomb soaite
rate initially increases with energy and then drdps
sufficiently high carrier’'s energy.

In order to benchmark the transport models and
their respective parameters, simulations are
performed and compared with the reported
measured/extracted mobilities in ref. [48].

Figure 3 shows the comparison of simulated and
the measured data. Simulations are performed
for substrate with dielectric constant 4f¢, at

room temperature. As it can be seen the
modelled mobility reasonably follows the
reported trend and its magnitude.

Inclusion of high dielectric £,,,) constant

possibly have diverse effects on carrier mobility.
Firstly, strength of impurity charge centers is
certainly reduced due to screening and thus
mobility is expected to increase. On the other
hand possible soft optical phonon modes in the
substrate and relatively higher amount of charge
impurities present in the dielectric could result
in low mobilities.
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Simulations are benchmarked against the
measured mobilittes as a function of sheet density.
Experimental data are from ref. [48].

Interface roughness is not necessarily same for
each selected substrate, in addition, theoretically
the difference betweemg,, and ¢, alters the
impact of surface roughness providadand A
parameters are assumed to be same for different
dielectrics. Under identical conditions our
simulations reveal higher mobilities for
graphene on Silicon oxide&(, =39¢,) as

compared to Dimethyl sulfoxidee(, =47&,),
this is due to the reduced scattering potential
VX (q) associated with SR.

S

Next, simulations are performed with strain
induced in the graphene sample. Figure 4
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depicts the results obtained for three sets of
induced strain, both along and.a orientations.
For strain induced around 10% the decrease in
mobility along z and a orientations is almost
same but asy is increased to around 20%

impact of strain is more prominent alorg
orientation.

Figure 5 gives the mobility profiles as a function
of induced strain for low, moderate and elevated
temperature range. Base substrate is 8iGhis
case. At low temperature (77 K) contribution of
phonons in scattering mechanism is negligible
and only impurity charges and surface
roughness play their dominant parts. In this low
temperature regime mobility very nominally
increases as the induced strain in increased
below 13%. This is due to the reason that the net
scattering rate stays almost constant for Bw
and n values but the Fermi derivative term

(—af /aE), appearing in conductivity
expression, increases relatively rapidly and thus

effective conductivity shows a positive slope in
this region.

4. Conclusion

In this study charge carrier mobility in a
monolayer graphene sheet is computed under
induced strain both along and 24 edges. It is
predicted that mobilty and hence dc
conductivity will degrade with increasing strain.
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Impact of strain on simulated mobilities againstreasing gate voltage. Mobility degradation isngrent for
20%<n7=210%. (a) z direction, (b)a direction. The base substrate is Dimethyl Sulfexié,, = 47&,).



Prime reason for this observation is the decrease
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strain dependent simulated mobilities for low ighhtemperature regimes. Base substrate is &id sheet density is

10%2¢cm2.

in the Fermi velocity which in turn is inversely

proportional

to the available DoS in the

graphene system. Fermi velocity is computed in

terms of

hopping parameters which are

functions of distorted bond lengths between C-C
atoms. Three main scattering mechanisms are
included in the simulations viz. remote impurity,
interface roughness and lattice phonon (both
acoustic and optical) interaction.

Acknowledgments

We would like to thank Prof. Ram Singh for
useful discussions and guidance throughout this
work. Authors also acknowledge the facilities
provided by Sultan Qaboos University for this

study.
REFERENCES
[1] C. Lee et al., "Measurement of Elastic

(2]

(3]

(4]

Properties and Elastic Strenght of Monolayer
Graphene,'ience, vol. 321, p. 385, 2008.

A. A. Balandin et al., "Superior Thermal
Conductivity of Single-Layer Graphene\ano
Letters, vol. 8, pp. 902-907, 2008.

V. M. Pereira et al., "Tight-binding approach
to uniaxial strain in graphenePhysical Review

B, vol. 80, p. 045401, 2009.

T. Ando. (2009) The electronic properties of
graphene and carbon nanotub&PG Asia

(3]
(6]

(7]

(8]

(9]

[10]

(11]

[12]

(13]

[14]

Mater. 17-21.

A. K. Geim, "Graphene: Status and Prospects,"
Science, vol. 324, p. 1530, 2009.

D. W. Boukhvalov and M. [|. Katsnelson,
"Enhancement of Chemical Activity in
Corrugated GrapheneThe Journal of Physical
Chemistry C, vol. 113, pp. 14176-14178, 2009.
S.-M. Choj et al., "Effects of strain on
electronic properties of graphenePhysical
Review B, vol. 81, p. 081407, 2010.

P. L. de Andres and J. A. Verges, "First-
principles calculation of the effect of stress on
the chemical activity of grapheneXppl. Phys.
Lett., vol. 93, p. 171915, 2008.

M. Farjam and H. Rafii-Tabar, "Uniaxial strain
on gapped graphene,'Physica E: Low-
dimensional Systems and Nanostructures, vol.
42, pp. 2109-2114, 2010.

M. M. Fogler et al., "Pseudomagnetic Fields
and Ballistic Transport in a Suspended
Graphene SheetPhysical Review Letters, vol.
101, p. 226804, 2008.

M. Mohr, et al., "Two-dimensional electronic
and vibrational band structure of uniaxially
strained graphene from ab initio calculations,"
Physical Review B, vol. 80, p. 205410, 2009.

V. M. Pereira and A. H. Castro Neto, "Strain
Engineering of  Graphene's  Electronic
Structure,"Physical Review Letters, vol. 103, p.
046801, 2009.

R. M. Rebeirget al., "Strained Graphene: tight-
binding and density functional calculations,"
New J. Phys., vol. 11, p. 115002, 2009.

J. Viana-Gomeszt al., "Magnetism in strained



graphene dots,Physical Review B, vol. 80, p.
245436, 2009.

[15] K. S. Kim et al., "Large-scale pattern growth of
graphene films for stretchable transparent
electrodes," Nature, vol. 457, pp. 706-710,
20009.

[16] W. Baq et al., "Controlled ripple texturing of
suspended graphene and ultrathin graphite
membranes,'Nat Nano, vol. 4, pp. 562-566,
20009.

[17] T. J. Booth et al., "Macroscopic Graphene
Membranes and Their Extraordinary Stiffness,"
Nano Letters, vol. 8, pp. 2442-2446, 2008.

[18] J. S. Bunch et al., "Impermeable Atomic
Membranes from Graphene Sheetd\ano
Letters, vol. 8, pp. 2458-2462, 2008.

[19] M. Huang et al., "Phonon softening and
crystallographic  orientation  of  strained
graphene studied by Raman spectroscopy,”
Proceedings of the National Academy of
Sciences, vol. 106, pp. 7304-7308, 2009.

[20] T. M. G. Mohiuddin et al., "Uniaxial strain in
graphene by Raman spectroscopy: G peak
splitting, Grlneisen parameters, and sample
orientation,” Physical Review B, vol. 79, p.
205433, 2009.

[21] M. L. Teague et al., "Evidence for Strain-
Induced Local Conductance Modulations in
Single-Layer Graphene on SiONano Letters,
vol. 9, pp. 2542-2546, 2009.

[22] G. Tsouklerj et al., "Subjecting a Graphene
Monolayer to Tension and Compression,"
Small, vol. 5, p. 2397, 2009.

[23] K. S. Novoseloyet al., "Electric Field Effect in
Atomically Thin Carbon Films,"<ience, vol.
306, pp. 666-669, 2004.

[24] A. H. Castro Netp et al., "The electronic
properties of grapheneReviews of Modern
Physics, vol. 81, p. 109, 2009.

[25] F. M. D. Pellegrinpet al., "Strain effect on the
optical conductivity of graphene,Physical
Review B, vol. 81, p. 035411, 2010.

[26] M. Fuijita, et al., "Peculiar Localized State at
Zigzag Graphite EdgeJournal of the Physical
Society of Japan, vol. 65, 1996.

[27] K. Wakabayashi et al., "Electronic and
magnetic properties of nanographite ribbons,"”
Physical Review B, vol. 59, p. 8271, 1999.

[28] P. R. Wallace, "The Band Theory of Graphite,"
Physical Review, vol. 71, p. 622, 1947.

[29] E. H. Hwang and S. Das Sarma, "Screening-
induced temperature-dependent transport in
two-dimensional graphenePhysical Review B,
vol. 79, p. 165404, 2009.

[30] T. Ando, "Screening effect and impurity
scattering in monolayer graphene]’ Phys.
Soc. Jpn., vol. 75, 2006.

[31] R. M. Ribeiro and et al., "Strained graphene:
tight-binding and density functional
calculations,"New Journal of Physics, vol. 11,

p. 115002, 2009.

[32] J. M. Ziman,Principles of the Theory of Solids,

2nd Edition ed.: Cambridge University Press,

(33]

[34]

(35]

(36]

(37]

(38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

1972.

M. Lundstrom, Fundamentals of Carrier
Transport, 2nd Edition.: Cambridge University
Press, 2000.

N. M. R. Pereset al., "Phenomenological study
of the electronic transport coefficients of
graphene," Physical Review B, vol. 76, p.
073412, 2007.

S. Adam et al., "A self-consistent theory for
graphene transport,” Proceedings of the
National Academy of Sciences, vol. 104, pp.
18392-18397, 2007.

R. S. Shishiret al., "Room temperature carrier
transport in graphene)J' Comput Electron, vol.

8, pp. 43-50, 2009.

N. W. Ashcroft and N. D. MermirSolid Sate
Physics, International ed.: Holt-Saunders, 1983.
T. Ando, "Screening Effect and Quantum
Transport in a Silicon Inversion Layer in Strong
Magnetic Fields,'d. Phys. Soc. Jpn., vol. 43, p.
1616, 1977.

T. Andq et al., "Electronic properties of two-
dimensional systems,"Reviews of Modern
Physics, vol. 54, p. 437, 1982.

S. M. Goodnick et al., "Surface roughness at
the Si(100)-SiO2 interfacePhysical Review B,
vol. 32, p. 8171, 1985.

Seonghoon Jinet al., "Modeling of Surface-
Roughness Scattering in Ultrathin-Body SOI
MOSFETSs," IEEE Transactions on Electron
Devices, vol. 54, 2007.

B. K. Ridley, Electrons and Phonons in
Semiconductor  Multilayers, 2nd  Edition:
Cambridge University Press, 2009.

J. L. Mafes, "Symmetry-based approach to
electron-phonon interactions in graphene,”
Physical Review B, vol. 76, p. 045430, 2007.

T. Stauber et al., "Electronic transport in
graphene: A semiclassical approach including
midgap states,Physical Review B, vol. 76, p.
205423, 2007.

M. V. Fischetti and S. E. Laux, "Monte Carlo
study of electron transport in silicon inversion
layers," Physical Review B, vol. 48, p. 2244,
1993.

E. H. Hwang and S. Das Sarma, "Acoustic
phonon scattering limited carrier mobility in
two-dimensional extrinsic graphene?hysical
Review B, vol. 77, p. 115449, 2008.

L. A. Falkovsky, "Symmetry constraints on
phonon dispersion in graphen®}iysics Letters

A, vol. 372, pp. 5189-5192, 2008.

R. S. Shishir and D. K. Ferry, "Intrinsic
mobility in graphene,"Journal of Physics:
Condensed Matter, vol. 21, p. 232204, 2009.



