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Physical insights on graphene nanoribbon mobility through atomistic simulations
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Abstract— We present an investigation of the main mecha-
nisms which limit mobility in GNR-FETSs, by means of atomistic
simulations based on the NEGF formalism. In particular, we
focus on i) line edge roughness (LER), ii) single defects; iii) ion-
ized impurities, iv) acoustic and optical phonons. Results show
that the effect of ionized impurities is negligible, while phonons,
LER and defects largely limits carrier mobility, especially for
narrower GNRs.

I. INTRODUCTION

Graphene has recently demonstrated really intriguing elec-
trical properties such as high carrier mobility [1], [2] and
large coherence lengths [3]. However mobility measurements
reported in literature exhibit extreme variability (from 10? to
10* ¢cm?/Vs) posing several questions on the main mecha-
nisms affecting carrier transport in graphene.

The scenario even worsens in GNRs [4], [5], where line
edge roughness (LER) additionally plays an important role,
due to the extreme challenges in patterning nanoribbons.

In this framework, numerical simulation can certainly help
to understand the role of the different scattering mechanisms,
clarifying some unsolved issues and in order to overcome the
severe lack of experiments. Efforts based on an analytical
method [6] and on Monte Carlo approach [7] have been
directed towards the goal of achieving a physical insight in
GNRs mobility. However, due to the reduced dimensions of
the considered material, effects at the atomistic scale are
relevant, so that accurate simulation approaches like semi-
empirical tight-binding have to be exploited.

In this work we present atomistic simulations of GNR-
FETs over a wide range of GNR widths (I to 10 nm)
including LER, defects, ionized impurities as well as acoustic
and optical phonons. In particular, our approach is based
on statistical simulations performed on large ensembles of
actual distribution of non-idealities. To this purpose, we
have extensively used our parallelized 3D device simulator
NANOTCAD ViDES, based on the self-consistent solution of
the 3D Poisson and Schrodinger equations within the NEGF
framework, and on a p, tight-binding Hamiltonian [8].

II. METHODOLOGY

Mobility is strictly defined in infinitely long structures.
In practice, we have considered finite channel segments,
enforcing at both ends null Neumann boundary conditions
on the potential, and open boundary conditions for travelling
electrons.

Mobility has been computed from statistical simulations of
resistance on an ensemble of about 100 nanoribbon segments
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with different actual distributions of non-idealities as
L2
((Reni — RB) Qi)

where L is the segment length, (); and Ry ; are the total
charge and the resistance of the i-th simulated GNR segment,
respectively, Rp is the resistance of a ballistic segment in the
same bias conditions and () denotes the statistical average on
the ensemble.

Defects have been modeled computing the on-site energy
and the hopping parameter of the Hamiltonian from DFT
calculations [9]. In particular, for a fixed defect concentration
ng, a defect distribution have been obtained by extracting
in correspondence of each carbon atom a random number
r uniformly distributed between 0 and 1 and by imposing
a single vacancy on the carbon site if » < ng4. For what
concerns LER, edge-disordered ribbons have been obtained
by randomly removing atoms on the two outermost dimer
lines. In particular, each atom has a probability H of being
removed, where H is the fraction of edge disorder, defined
as the ratio between the number of edge defects and the total
number of the carbon atoms at the edges. In correspondence
of each removed atom, we have imposed a hopping parameter
equal to zero.

A point charge approximation has been instead assumed
for ionized impurities in the dielectric with a nominal concen-
tration equal to nyy/p, and randomly distributed on a plane
0.2 nm far from the nanoribbon as in [10].

Phonon-limited mobility (both acoustic and optical) has
been computed by means of a semi-analytical model as
in [6], but extending the Kubo-Greenwood formalism be-
yond the effective mass approximation, considering the tight-
binding energy dispersion relations and accounting for energy
relaxation at GNR edges. Neglecting the contribution of
inter-subband scattering, phonon-limited mobility of a 1D
conductor can be expressed as a sum over all contributing
subbands j [11]:

fin = ey

_ Z / fE)[I-f(E)]
Tl'hTLQDTOTW/{BT Ec; E ECj + EC]O
o 1/2
(féo (B = Bo; + Ecyo)’ - EéjUD e

where n2p,. .. is the total electron density, 7p; is the momen-
tum relaxation time on the j-th subband, W the GNR width,
f(F) the Fermi factor, Ec; is the cut-off energy of the j-th
subband, which reduces to F¢ ;o for a zero gate voltage [12]
and T is the temperature. According to [12], the effective
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electron mass m; on the j-th subband reads

2 h2ECj0

3424,
where ¢ is the hopping parameter (2.7 eV) and A,, =
cos(mm/(N + 1)), where N is the number of dimer lines
of the GNR. For the first conduction subband E¢jo = E4/2,
where E is the energy gap and m (which runs from 1 to IV)
is the index for which A,, is closer to -1/2 [12].

Scattering rates are evaluated as in Ref. [6], by means of the
Fermi’s golden rule [13] and expressing the GNR electronic
wave functions as a combination of states in the K and K’
valleys of the underlying 2D graphene band structure. The
optical phonon scattering rate reads:

m;(E) = A3)

1 ntrD?%,

rors(B) — dpWaro p1p;(E £ hwro) , 4
where n~ = 1/[exp(hwro/kpT) — 1] and nt = n~ + 1
are the Bose-Einstein occupation factors for one-phonon
annihilation and creation processes, respectively, hwpo is
the phonon energy, Dop is the optical deformation and
p = 7.6 x 1078 g/cm? is the 2D density of graphene. The
acoustic phonon scattering rate reads instead:

1 nphﬂDicqz
- (E), 5)
TACj (E) plD] ( ) (

4pWwac

where np, = nt + n~ is the total occupation factor,
Dac = 16 eV is the deformation potential of acoustic
phonons, wac = wvsq, is the acoustic phonon frequency,
vs = 2 x 10* m/s is the sound velocity of 2D graphene and
lg-| = 2|k.;| is the module of the phonon wavevector under
the backscattering condition in the longitudinal direction.
For what concerns the 1D density of states in GNRs, the
following expression has been adopted for the DOS in the
j-th subband [12]:

2 m; (E + Egjo — Ec;)’
mh\ |Ecjo(E—Ec;) (E+2Ecjo—Ec;)|

pipj(E)= . (6)

III. RESULTS AND DISCUSSIONS

The simulated devices are 10 nm-long GNR-FETs embed-
ded in a 2 nm thick SiO5 dielectric. Different GNR widths
W have been considered, ranging from 1 to 10 nm. In Fig. 1,
we show a TEM picture of a graphene flake, where single-
atom defects amount to about 1.1%. Figs. 2 shows a simulated
GNR sample with a fraction of edge defects H of 20% (left)
and with a defect concentration ng of 2.5% (right).

LER-limited mobility as a function of W for different
H is plotted in Fig. 3a. As predicted by the analytical
model in [6], for W < 5 nm and for large H (20%), u
is proportional to WW*, while for wider GNRs and for smaller
H, such a law does not hold. Mobility is proportional to
1/H for large W, as expected, whereas the dependence on
H is steeper for narrower devices, since quantum localization
becomes relevant. While for narrow GNR p increases with
nep (Fig. 3b), for wider GNR and in the strong inversion
regime o shows the opposite trend due to mode-mixing, as
already observed also in SNW-FETs [14].
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Fig. 1. TEM image of a graphene flake, where single vacancy defects are
highlighted. The defect percentage of the sample is approximately 1.1%.

Defect-limited mobility is plotted in Fig. 4a as a function
of W for different defect concentrations. Also in this case,
localization suppresses mobility for narrower ribbons. As
expected, for fixed defect density, mobility slightly increases
with electron density. In Fig. 5 we show the inverse of
mobility as a function of ng. For W = 10.10 nm a linear
dependence is observed with a slope close to that found in
experiments for graphene [15], further validating our results.

Impurity-limited mobility is plotted in Fig 6a, as a
function of W. According to [1], ionized impurities are one
of the main limiting factors of GNR mobility. As previously
performed in ab-initio calculations [10], we have considered
a surface impurity distribution of positive charges equal to
+0.4q placed at 0.2 nm far from the GNR surface.

As can be noted, even a reasonably high impurity concen-
tration of 10'2 cm~2 yields large mobilities (10* cm?/Vs).
Smaller values of ;1 (1700 cm?/Vs) are instead obtained for
very narrow GNRs by increasing the impurity charge up to
+24, due to the strongly nonlinear impact on screening in the
channel. Even in this case, localization strongly degrades mo-
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Fig. 2. Simulated 2D structure of a 10.10 nm wide GNR with a 20%

concentration of edge roughness (a) and of a 4.86 nm wide GNR with a
2.5% defect concentration.
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10'3 cm~2 and for different H. b) LER-limited mobility as a function of
na2p for H = 5%.
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Fig. 4. a) Defect-limited mobility as a function of W for nop = 0.9 X
1013 cm~—2 and for different defect fraction ng. b) Mobility as a function
of nop for a defect fraction ng = 0.5%.

bility for narrower ribbons. Differently to [1], our numerical
results seem to state that impurities are not the main limiting
mechanism of mobility in GNR.

Phonon-limited mobility (optical and acoustic) are shown
in Figs. 7 and 8, considering three subbands and two different
sets of parameters, according to [6] (hwro = 160 meV and
Dop = 1.4 x 10° eV/cm) and to [7] (lwro = 62 meV
and Dop = 2.7 x 10° eV/cm), which corresponds to
zone-boundary longitudinal optical phonons and ZO optical
phonons, respectively. As can be noted in Fig. 8, the simple
analytical approach is in really good agreement with results
obtained by means of more sophisticated Monte Carlo simu-
lations [7]. It is important to note that the obtained phonon-
limited mobility is extremely sensitive to the considered pa-
rameters and that neglecting inter-subband scattering probably
leads to an over estimation of mobility at large electron
density.

Finally, we compare numerical results with the experi-
ments shown in [5]. Good agreement are obtained using the
scattering parameters in [7], and phonon scattering results
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1013 ecm—2.

to be the main limiting mechanism (Fig. 9). On the other
hand, using the set in [6], one can reasonably reproduce the
experiments only by considering LER with H = 5% and a
defect concentration of 0.5% (Fig. 10).

IV. FINAL REMARKS

In the extreme lack of experimental results on mobility
in GNRs, atomistic simulations can help in understanding
the functional dependences of mobility and the role of the
different scattering mechanisms. Phonon-limited mobility has
to be quantitatively understood on the basis of extensive
characterization and modeling: in the narrower GNRs — most
relevant from the point of view of device application —
it can suppress mobility down to the value of mundane
semiconductors.
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