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Temperature Dependent Mobility in Strained
Graphene
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graphene applications adds to our interest in farthe
Abstract— Impact of induced strain on charge carrier understanding its behavior under applied strain.

mobility is investigated for a monolayer graphene sheet. |n this study we involve the complete spectrum of the
Mobility is computed within Born approximation by including — nica| nearest neighbor hopping parameters in the tight
Impurity scattering, surface_ rou_ghness_ effects and Interaction binding description of the density of states for a graphene
with lattice phonons. Unlike its sSi counterpart, strained ) 1
graphene shows a drop in mobility with increasing strain. Main lattice. The former are a set of three parameters which are
reason for this effect is decrease in Fermi velocity due to reduced to one due to symmetry considerations [9], which is
induced distortions in the graphene honeycomb. Effect of not applicable to graphene under strain. In the latter case, the
temperature on graphene mobility under varying strain is ynit cell lattice vectors are strain dependent and they carry
?;lrj?ﬁidt-w’\cl)ocnr;s%?lr;g:ggr:iecn:)?ieerr?tt;triindsependence was observed s qependency into the nearest neighbor hopping parameter
' description [3]. This enables one to describe the density of

states and ultimately the Fermi velocity as a function of

Index Terms—Graphene, Strain, Scattering, Mobility strain [10]. Considering three scattering mechanisms
namely: remote impurity, phonon and surface roughness, we

determine the Fermi velocity in the close vicinity of the

|. INTRODUCTION Dirac point, and ultimately the conductivity dependent

ince its discovery the most explored area in the study B¥PPility of the charge carriers. Our results show that for
Sthe 2D graphene sheet is its electronic propertie@Ppl_'ed strain along the spgual crystallographlc orientations
However, recently, a whole new wealth of information abo®f £19289 (Z) and Armchair (), the mobility of charge
graphene has emerged following the reports on if&/Mers is particularly degraded in the interval
mechanical and other non-electronic properties. Graphene #070</7210% which is the limit of strain used in our
the strongest material ever measured [1], with a breakisgnulations. The reduction is more prominent in tAe
strength of ~40N/mand Young’'s modulus~10TPa. Its direction to that in theA direction. At low temperature, a
thermal conductivity [2] has been reported at a record val§énificant drop in mobility midway of the above mentioned
range for strain in th& direction is expected.

of ~5000Wm~K "!. Moreover, graphene was shown . ) _
The necessary formalism for electronic properties of

. . . . . 0
capa_lt_)le of Wlthsta_mdl_ng reversible strain as high as 20% [, raphene and the impact of applied strain are described in
Additionally, strain is a way forward towards bandga

. . S i _'Section Il. Section Ill elucidates the transport models in the
engineering which is essential to convert graphene inf

. . - v?cinity of the Dirac point through taking into account the
_semlconductor [3',4]' CoIIe_ctlver, these' CharaCte.”St'Cfemote impurity interactions, surface roughness interaction,
increase graphene’s potential as a material of choice

. ahd the effect of phonon interactions. Results are given in
Nar?oelectro_me.chanlca_l _Systems (NE.MS) and SENSOLL ction 1V followed by conclusions in section V.
device applications. Within these emerging novel properties,
strain is considered very crucial as it promises whole new I
prospects for studying electronic transport [5]. Although, '

fabricating an electronic device to extract Hall or field effect A, Graphene Unit Cell and Fermi velocity

mobility in graphene while applying strain is a massive g aohene is the first known stable 2D material [8]. It is an
technoI(_)glcaI challenge, but with ref:ent efforts such as éﬂlotrope of carbon composed of periodically arranged
ref. [6], it does not seem long before it takes shape. hexagons in a 2D one-atom thick infinite sheet. It is also

The 2D nature of graphene means that strain lateralyqijereq as a semimetal with zero bandgap. Fig. 1

propagates within a layer without diminishing. Coupling thiﬁlustrates a section of the infinite hexagonal network. Some

with its high resistance _tf) both_ela:_stic deforma_ltion aNSrominent associated parameters are also sketched.
breakage [1’_ 7], and gdd_monally its high electronic qual_'ty In equilibrium, distance between two adjacent carbon
[5, 8] provides motivation to explore changes in its ] _ 0 o ]
electronic properties when put under strain. A furthedtoms i€, =142A7. Since each atom is shared by three
encouragement to this fact comes from theoretical reports@jjacent hexagons, thus the unit cell encloses one-third of
on opening of a band gap in graphene for strains higher thga&ch atom, this leads to two atoms per unit cell. These two
20%. The importance of such a result for prospects of futuaomic sites are denoted By (filled circles) andB (empty
circles). Each atomA(B) has three nearest neighbors
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primitive  lattice  vectors are a=a(l0) and equation are given by plane wave as:

b:a(—¥2,\/§/2), where a:\/§a0 while the lattice W, :iei(km)wik 2.3)

vectors joining site A to site B are denoted by
9 (i=123). where A is the area of the system and= (X, y) is the in-

Graphene’s electro-magneto properties are sensitive to flene vector with

edge effects [11-12], in particular along the two prominent gb ky
directions viz. Zigzag Z ) and Armchair (), depicted with ~ @sx = \/E(+1] g =tan J{k ] (2.4)
broken lines in fig. 1. The coordinate axes can always be X
chosen such that x-axis is aligned along teorientation. The overlap of wave-function between initial and final
Angle 9 represents arbitrary vector directed in betwgen States can easily shown to be [16]:
and A orientations. __( i0 )

Each carbon atom in graphene possesses four vale (?Jrk W e+ (2.5)

electrons. The three in-plan@ orbitals are tightly bound to \yhere @ is the angle between initial wave-vectorand the
neighboring atoms. The fourth loosely bourd orbital is final scattered wave-vectde' .

perpendicular to the sheet and contributes to the electncalIn equilibrium conditions the dispersion relatidﬁ(k)

conductivity [13]. In the tight-binding (TB) model the ) R o )
energy bands in terms of nearest neighbarbital hopping near the Dirac point is given by utilizing equation (2.1) and
(2.2) as [13]:

integrals (; , in fig. 1.) is given by [14]:
' E =+Ave |K| (2.6)

E=|t, +t,e7 ) 4y e7k®| @.1) "
Note at equilibrium t;=t, =t3=303eV [16] and
where upper (+) and lower (-) signs are for conduction an

9 =0,=0;5=a.

. : 1=02=03=9

valence bands, respectiveli. =k, k, ) is the 2D wave- ) . .

P K ( X V) Electric transport is affected by the number of available

vector associated with charge carriers with enrgiNote  \4cant states in the system. In case of graphene, density of
first Brillouin zone (BZ) of the graphene unit cell is agiaies (DoS) is given by

hexagon itself. Ov0s E
D
ST (e )?

where gy =2 and gc =2 are introduced as the valley

(2.7)

(K & K' points) and spin degeneracy, respectively.
In terms of hopping parametégand C-C distanceq,,

3oy

the Fermi velocity is given byg = , 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

areaAc as [9]:

1 X
VE == /M (2.8)
Figure 1. Part of infinite honeycomb network. Uredl with two atomsA h 2
and B per cell. Hopping parameterts 's and bond lengths$; 's are also 2
per e Toppna P 5 s where A, = 3\/_a0 and p =/3t2. This form is useful for
shown. Lattice primitive vectors are denoted d&gndb . Also shown are t o-

two distinctive directions in the network viz. zigzag and armchajr.is the forthcoming discussion
the C-C distance. X-axis is aligned along zigzag orientation.

The 71 orbitals of the valence and conduction bands crossB. Applied Strain
at two cornersk and K'of the BZ also known as Dirac |f strain is applied the lattice vectod s are modified as:
points. Charge carriers near the Dirac point behave like
masseless particles, also for an intrinsic graphene Fer@j = (szz +1])[5i (2.9)
energy is zero at thed¢ points.

Hamiltonian H of 77-bands near a Dirac point is
described by the Dirac-Weyl equation [9, 15]: the graphene unit cell 5, is identity matrix of order 2 and

the strain matrixq is given by [3]:

where §; 's correspond to the relaxed lattice vectors within

H LlJik :hVF (kax"' Uyky)LIJik = ELIth (2.2)
where V. is the Fermi velocity which is independent of, = cos' 9-v sifi (J+2v Jeos? sing (2.10)
charge carriers energy, and g, are Pauli spinors and @v Joo® sing sin” 9-vcos' S
is the reduced Plank’s constant. Eigenstates of Dirac-Weyl
WCE 2011
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where 7, is the applied strain and = 014 is the Poisson’s wave-vectorq=|k —k'|= 2ksing/2 and  is the effective

ratio for graphene [17]. The deformation of lattice vectorgielectric constant of the system (graphene and the base
d; 's modify the hopping parametetss accordingly [3]: substrate). Inclusion of screening effect is vital in observing

=t e'337q‘5"/a"_1) (2.11) the impact of charge impurity. In particular for graphene, the
T ) screened Coulomb potential results in the matrix element as:
The two distinctive directions in a graphene layer #z. . VC(q)
S

e w,) (33)

and A corresponds tod =0 and & =77/6 respectively, r\/ :?T
while &4 =71/3 is the periodicity of system i . It is also q
reported for < 20% no change in bandgap is observed [3]where ‘9(Q) is the static dielectric function for a 2D
Simulations in this work will be bound to this limit. graphene sheet. Starting from the Lindhard function and
DoS of the system is also altered by the induced strain. Under random phase approximation (RPA) [Zarf,q) is
general DoS is given by [10]:

k' k

given in terms of polarization functiohl (q) as [16]:
D(E)= 23 F. (2.12) 27762

T \Ape ela)=1+=" ;
where Aé is the area of the deformed unit cell and:

0 q/2 2
— g g + + q
P = \/(tl2 +13 +t§)2 - Z(tf' +t5 +t§') (2.13) M(g)= 277&/v,:sh)-£ fic dk— _([ fi ‘/1_(Ej dk (3.5)

Comparing (2.12) with (2.7) one may define the “effective®here " = f(E )+ f (B +2¢) with f(E, ) is assumed to

1 [A o be the Fermi-Dirac function.
Fermi velocity as vg == % which reduces to  Finally the scattering rate for the Coulomb interaction in
/]

the presence oy charge centers per area is given as:

M(a) (3.4)

equation (2.8) in the limit/7=0. The parameterp; 1 27(n D(E)
decreases monotonically with increasing strain. S Y
The effective Fermi velocity reduces with increasing strain. - . ) (3.6)
y . _ 2
Our simulations reveal an initial linear drop W with ‘[[ 1- cos 9} [Vs((()])] 46
2 £(q
0

increasing /7 (slope of — 12x108 cmys for n<10%)
consistent with the recent study [18] and then a relativelyB. Surface Roughness Interaction
sharp drop invg for 7>10%. Thus it is expected, with Surface roughness in graphene can occur due to intrinsic
induced strain the dc conductivity and the correspondif{PPling effect [22] and or due to topography of the
mobility will degrade. underlying substrate [23]. Impact of surface roughness on
charge carrier mobility is extensively studied for quasi-2D
structures such as in references [24-27] to name but a few. In
. o . o this work the impact due to difference in the dielectric
Electrical conductivity 0¢ is computed utilizing the values at the graphene/substrate interface is taken into

I1l. TRANSPORTMODELS IN THEVICINITY OF DIRAC POINT

Kubo-Greenwood transport formalism, given as: account. The interface randomness is, as usual, modelled by
the autocovariance function betweén -the rms height of
E I —F10E) dE the random |nterf§ce “steps” anll -the average width of_
ge:e?v'%I qE) ef(E)( / E) (3.1) the same fluctuation. For an exponential autocorrelation
2 [E (~of |0E)dE form the power spectrum densi@(q)|2 is given by [26]:
In order to compute the effective scattering ratg; we 3
have taken into account three dominant scatterin|§(q)|2 = TN\°A? 1+ q°A? 12) 2 3.7)

mechanisms viz.: Coulomb scattering with impurity charge? the presence of two different dielectric materials at the

scattering  with lattice vibrations and charge Carrienten‘ace olarization charges are created. The potential
interaction with rough interface. In the following section Wénduced b psuch olarizationgis iven b [27]_' P
give perturbation potentials required for the effectivd y P g y '

scattering rate in the Born approximation. \/ Pl (q) —ef E, e ™ (3.8)
s .

A. Remote Impurity Scattering

Charge impurities present in the substrate is onéhef ) )
significant sources of mobility degradation in graphene [165g@Nd £syp denote the dielectric constants of the graphene

19-20]. Ink -space the Coulomb scattering potentigl is and the substrate, respectively. Effective electric fielgt

where the parameteré = (g, —é‘sub)/ (e +&a) with

given by: at the graphene side of the interface is defined here as
2mee ™ e
VSC( ):— (3.2) Eet :—(”i+”s). while z; is taken asA of the
Kq €y
where charged impurities in the substrate are assumed toirfterface.
at a distanced away from the graphene sheet, the scattered
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The mismatch of the dielectric constants at the interfaggionons contribute towards scattering mechanism. The
also introduces image charges [25]. For sufficiently thickiteraction potential in this case is given by [30]:

substrate the scattering potential associated with image 7 10 o
charges is given by [27]: V¥(0)=D,, — (Nfije’(qm ) (3.14)
) 2z .2 ~ 20, A 2 2
Vi (g)= S £ (Kaltzo) 2\ (o) (3-9) where N is the Bose-Einstein distribution functioby i
s 1672 % > where N, is the Bose-Einstein distribution functioBy, is

where K,and K, are modified Bessel functions of thet.hf deformatlon field assomqted with wbratmg 'Iattlce.snes,
i =-1 is for phonon absorption (upper sign) and +1 is

second kind of order zero and one, respectively. Net impag} emission process (lower sign). Optical phonon frequency
of these two scattering sources is thus given by:

VR(q) =V (g)+Vv.m9 3.10
S (q) S (q) S (q) ( bears a constant valueg, independent of the transferred
Note that the net scattering strength not only depends on

the dielectric properties of the substrate but mord@Ve-vectorq. _ .
importantly on the difference between the dielectric The interaction potential leads to the scattering rate as:
properties of the two materials at the interface. Surfacel 2 hDg 1 i
roughness induced scattering potential thus vyields theo—:— d (N0+—i—j X
scattering rate as: r® | 4pgw, 2 2

D(E + hc, )O(E + e, )

1 27 D(E)\ %] 1-coé6 | V) S where the Heaviside step functioB(x) is introduced to
rﬂ?_ﬁmjzﬂ ][i@) 90} "de (3.11)

2 account for only physically possible scattering events.

is denoted bya)a’p and in the dispersion region of interest it

(3.15)

IV. RESULTS

C. Phonon Interaction For the Coulomb interaction the location of charge centers

For ambient and higher temperature regime carrier-phon@fithe substrate away from the interface is taked aslnm
interaction is a major cause of mobility degradation iLC

electronic devices [28]. Low energy acoustic phonons a %9] while the impurity charge densitiy is assumed to be
treated under elastic scattering approximation. It is reportedound 15x10cm™.

that group symmetry forbids TA phonon modes to exist for ypless graphene surface topology is thoroughly
graphene [20, 29], therefore only LA mode of the spectruffvestigated the autocorrelation of the step widtrand rms
is taken into account with relatively stronger coupling (se§[eIO heightA will be used as fine tuning parameters to

discussion below). _ _ _ simulate observed mobility. With the exponential
The scattering potential associated with acoustic phononsyigiocovariance model used herk, and A parameters are
given by [30-31]: taken as 1.0nm and 05nm, respectively. Relative
Vac( )_ D KgT lam-ot) dielectric constant of graphene is assumed to be 5.7 [20].
s \a)= v, \2p, A (3.12) In the phonon interaction model the value of acoustic
o 9

) . ) deformation potentialD,. is not settled yet. In literature
where Dy is the deformation potential of the graphen(?/alues as small a€.75eV to as large as30eV are quoted
lattice, py is the surface density of the system. Phonop 33} (and references within). Ignoring the anisotropy of

velocity is denoted by, , kg is Boltzmann constant and the  deformation potential a single constant value

T is the temperature in Kelvin's scale. Here linear phonoPaC ~206V s used in this work. Phonon velocitgy, of

dispersion is assumed (i.e. acoustic phonome LA branch is set t02.0><1060m/s and graphene

C — . L. . . .
frequencwg =Vph Q) and equipartition approximation is density is taken asp, = 76x10°8 g/cm2 [34]. The

?sg;m]egs which is valid for moderate to higher temIDeratur((i“eformation field constanD, appearing in optical phonon

Impact of screening on electron-phonon interaction #odel is assumed to have the strength of
long debated however via simulations the ineffectiveness & 0x10” eV/cmwhile LO phonon is associated with energy
screening in case of electron-phonon scattering is concludsdy , =152mev [20]. Fig. 2 shows, in the absence of any

. . . . . . 0 . . ’
[32], ‘following this, dynamical screening is not InCmdedstrain, the relative scattering strength of the three scattering

here. e@echanisms studied here. Both phonon and surface

Finally the acoustic phonon scattering rate is deriv roughness scattering rates tend to increase with carrier’s
through the evaluation of matrix element as: enegrgy 9

2
1 = E(DﬁC_kBTJ D(E) (313)

r  h| 8vi p,

Non-polar optical phonons are treated inelastically in the
simulations. Similar to acoustic phonon spectrum only LO
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Figure 2. Scattering rate for lattice phonon, impurity charges and surfa€igure 3. Simulations are benchmarked against the measured mobilities as
roughness interaction at room temperature. For electron energy > 0.15&¥Yunction of sheet density. Experimental data are from ref. [35].

optical phonon emission process is possible and thus a sharp increase in

phonon scattering rate is observed at this energy. Coulomb scattering rateUr]der identical conditions our simulations reveal higher

initially increases with energy and then drops for sufficiently high carrier's o . .
energy. mobilities for graphene on Silicon oxided, = 3.9¢q) as

compared to Dimethyl sulfoxides,, =47&q), this is due
In order to benchmark the transport models and their ) ) )
respective parameters, simulations are performed affythe reduced scattering potentiaf(q) associated with
compared with the reported measured/extracted mobiliti&R.

[35]. Fig. 3 shows the comparison of computed and the Substrate materials such as PMMA, PDMS, and SU8 are
measured data. more suited for strain studies with graphene. For a base
Simulations are performed for substrate with dielectrisubstrate of PMMA with a static dielectric constant of

constant of47sy at room temperature. As it can be seen th84&, [36], the mobility profiles as a function of induced

modelled mobility reasonably follows the reported trend anstrain for low, moderate, and elevated temperature are given
its magnitude Inclusion of high dielectriq £5,, ) constant in figure 4.

possibly have diverse effects on carrier mobility. Firstly, At low temperature 77K ) contribution of phonons in
strength of impurity charge centers is certainly reduced dgéattering mechanism is negligible and thus only impurity
to screening and thus mobility is expected to increase. On gfearges and surface roughness play their dominant parts. In
other hand possible soft optical phonon modes in tHbis low temperature regime mobility nominally increases as
substrate and relatively higher amount of charge impuritiége induced strain in increased belt8% . This is due to
present in the dielectric could result in low mobilitiesthe reason that the net scattering rate stays almost constant
Interface roughness is not necessarily same for each seledtgdlow T and /7 values but the Fermi derivative term

substrate, in addition, theoretically the difference betwee(laf/aE) that appears in Kubo-Greenwood conductivity
Eqb and gy alters the impact of surface roughness ' bp

. ) expression, increases relatively rapidly and thus effective
provided A and A are assumed to be same for dmeren{:onductivity shows a positive slope in this region.

dielectrics.
3.2x10" T T 3.2x10' —————————
Strain along z orientation (a) (b) Strain along z orientation
| 77K | X 77K
4~ 2.8x10 4~ 2.8x10° 1
& N >
g L L £ L L
S = - S = =
2 >
= 300 K 1 = 300 K 4
3 8 MG o TS S PP
S 1.2x10° 1 W 7] S 1.2x10" M 1
i 400 K | i 400 K 1
8.0x10° - E 8.0x10° e
n=10"cm? 1 | n=10"%cm?® |
4.0x10° ———T— 4.0x10° ———1——7——7——
0 5 10 15 20 0 5 10 15 20
Strain (%) Strain (%)

Figure 4. Strain dependent simulated mobilities for low to high temperature regimes. Base substrate is PMMA and sheet @€rityas
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ed.: Holt-Saunders, 1983.

V CONCLUSION [22] J. C. Meyeret al., "The structure of suspended graphene sheets,"
In thi tud h . bility i | Nature, vol. 446, pp. 60-63, 2007.
n this study charge carrier mobiiity in a mono aye|f23] M. Ishigamj et al., "Atomic Structure of Graphene on SiOR&no

graphene sheet is computed under induced strain both along esters, vol. 7, pp. 1643-1648, 2007.

Zand Aedges. It is predicted that mobility and hence dg4) 1. Ando, "Screening Effect and Quantum Transport in a Silicon
conductivity will degrade with increasing strain. Prime Inversion Layer in Strong Magnetic Fields, Phys. Soc. Jpn., vol. 43,
reason for this observation is the decrease in the FermiP-1616,1977.

velocity which in turn is inversely proportional to the[25] T. Andq et al., "Electronic properties of two-dimensional systéms,
. . . .. Reviews of Modern Physics, vol. 54, p. 437, 1982.
available DoS in the graphene system. Fermi velocity 'fs

. . . 26] S. M. Goodnick et al., "Surface roughness at the Si(100)-SiO2
computed in terms of hopping parameters which are interface,"Physical Review B, vol. 32, p. 8171, 1985.

functions of d'StorFed _bond Iengt_hs _between c-C at0”‘&7} Seonghoon Jjret al., "Modeling of Surface-Roughness Scattering in
Generally a reduction in the mobility is observed for both ultrathin-Body SOI MOSFETSs,"IEEE Transactions on Electron
Zand A directions for increasing temperature, this Devices vol. 54, 2007.

decrease was observed to be steeper along thréentation [28] B. K. Ridley,Electrons and Phonons in Semiconductor Multilayers,

. . . 2nd ed.: Cambridge University Press, 2009.
for n>15%. Three main scattering mechanisms ar
n 9 F29] J. L. Marfes, "Symmetry-based approach to electron-phonon

included in the simulations viz. remote impurity, interface interactions in graphenePhysical Review B, vol. 76, p. 045430, 2007.
roughness and lattice phonon (both acoustic and opticgd)] M. LundstromFundamentals of Carrier Transport, 2nd Edition ed.:
interaction. Cambridge University Press, 2000.
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