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Combining molecular dynamics and quantum transport simulations, we study the degradation of
mobility in graphene nanoribbons caused by substrate-induced ripples. First, the atom coordinates
of large-scale structures are relaxed such that surface properties are consistent with those of
graphene on a substrate. Then, the electron current and low-field mobility of the resulting non-flat
nanoribbons are calculated within the Non-equilibrium Green’s Function formalism in the coherent
transport limit. An accurate tight-binding basis coupling the ¢- and n-bands of graphene is used for
this purpose. It is found that the presence of ripples decreases the mobility of graphene
nanoribbons on SiO, below 3000 cm?/Vs, which is comparable to experimentally reported values.
© 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4811761]

The amazing electrical' and thermal® characteristics of
graphene make it an attractive candidate as a future logic
component in digital and analog circuits.”* In such applica-
tions, excellent electron and hole transport properties are
required, which is fulfilled by graphene,’ but at the expense
of the band gap. The absence of the band gap does not allow
one to properly switch off transistors in stand-by mode due
to the presence of high source-to-drain tunneling rates. To
circumvent this energy loss problem and to enhance the de-
vice performance, graphene can be patterned into quasi 1-D
nanoribbons with geometry-tunable band gaps.®”’

Hence, graphene nanoribbons (GNRs) might become a
credible alternative to Si-based field-effect transistors (FET's)
in post complementary metal-oxide-semiconductor (CMOS)
circuits. However, due to their reduced lateral dimensions,
they are more prone to scattering than 2-D graphene sheets
and have therefore significantly lower carrier mobilities.® To
improve the transport properties of GNRs, it is essential to
identify all their major sources of scattering, for example,
through numerical simulations so that they can be mini-
mized. This is the goal of this study. While line edge rough-
ness, defects, acoustic, optical, and remote phonon scattering
are known to affect the behavior of graphene nanoribbons,
very little attention has been paid to ripples or surface corru-
gations and their influence on mobility.

As demonstrated in Ref. 9 for SiO, and Ref. 10 for
boron nitride (BN), graphene conforms to the underlying
substrate. If the substrate surface is not flat, the graphene
layer deposited on it exhibits wave patterns, as shown in Fig.
1(a). The distribution of these ripples is not completely ran-
dom: based on experimental measurements (scanning probe
microscopy), a correlation function g(r) can usually be
defined to characterize the height z(x, y) of the carbon atoms
above a reference plane.” Note that 7 represents the distance
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between two atoms. Two important quantities can be
extracted from g(r), the root mean square A,,,, and the corre-
lation length L. of the atom height. If both are known, it is
possible to numerically construct realistic graphene surfaces
that can be used as input to mobility calculations.

Ripples modify not only the atomic structure of gra-
phene but also its chemical bond interactions. In a flat mono-
layer, two distinct sets of orbitals can be identified, one
including the orbitals connected through o-bonds (e.g., s, p,,
Py, +++) and one for the orbitals connected through 7-bonds
(e.g., p-, dy-, d.,, - --). Since the two groups do not interact
with each other, they can be treated separately. However,
when some atoms are moved out of the reference plane, they
start to couple to each other through ¢- and n-bonds, as illus-
trated in Fig. 2. For example, s and p, orbitals, which do not
overlap in a flat graphene sheet, are connected through
o-bonds in case of ripples. Similarly, o- and n-bonds couple
p, and p, orbitals in non-flat structures.

Based on these observations, it is clear that the single-p,
orbital model, although widely used to simulate graphene
devices,'? cannot estimate ripple-limited mobilities. In fact,
the p, model is inaccurate even when restricted to modeling
only the m-bands of perfectly flat bulk graphene or armchair
nanoribbons (AGNRs). It also permits no realistic hydrogen
passivation model. These glaring defects led us to increase
the basis set for the n-bands by adding d,. and d., orbitals,
along with a realistic hydrogen passivation approach, result-
ing in accurate bands for both bulk graphene and hydrogen-
passivated AGNRs."”

Similarly, only an extension of the basis set can account
for the coupling of the ¢- and n-bands of graphene induced
by ripples. This is why we have recently developed an spd’
nearest-neighbor (no spin-orbit) tight-binding model'* spe-
cifically dedicated to arbitrary bulk graphene, nanoribbons,

© 2013 AIP Publishing LLC
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FIG. 1. (a) Schematic view of a graphene nanoribbon of length L (along the
x-axis) and width W (along y) including substrate-induced ripples (along z).
(b) Height-height correlation function g(r) = {((z(x + r,y) — z(x,y))*)
extracted from the atom coordinates generated by molecular dynamics simu-
lations (solid line) and calculated analytically assuming an exponential auto-
covariance function for the height z(x, y) of the carbon atoms above a flat
reference plane (dashed line). The quantities A, and L. indicate the root
mean square and correlation length of the height z(x, y), respectively. Here,
Ays = 0.19nm and L. =30 nm as in Ref. 9.

and multi-layer structures. Because d-orbitals are needed for
even the m-bands of perfectly flat graphene, the full set of
d-orbitals is explicitly considered. Other approaches that
consider d-orbitals do not include them explicitly, but only
their lowest-order effects on the s-and p-orbitals via pertur-
bation theory."® Strain is included through a modification of
Harrison’s rule.'® The bulk and strain parameters of the
sp>d® tight-binding model are fit to density-functional theory
(DFT) calculations, achieving very good agreement, but at a
far lower computational cost. Hence, the expanded model is
integrated into a full-band, atomistic quantum transport
solver based on the Non-equilibrium Green’s Function
(NEGF) formalism'’ to allow for fast and accurate simula-
tions of graphene structures and their ripple-limited low-field
mOobility i,,/es-

Molecular dynamics (MD) simulations are performed
using Lammps software'’ to construct graphene sheets having
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FIG. 2. Illustration of the bond coupling between two p, (left), a p, and s
(center), and a p. and s orbital (right) in a flat (up) and non-flat (bottom) gra-
phene nanoribbon. Ripples induce additional - and/or m-coupling between
orbital sets that do not interact with each other in flat structures: (s, p., py,
dyy, dyo_yp, dy2_2) and (p, dy, d..).

xys G,
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rippled surfaces characterized by a height-height correlation
function with experimentally realistic values of root mean
square, A,,s, and correlation length, L. An Adaptive
Intermolecular Reactive Empirical Bond Order (AIREBO)
potential'® is used to describe the interactions between the
carbon atoms. Time steps of 0.002 ps and a Langevin ther-
mostat are applied to the free atoms in the system to maintain
a temperature of 300 K. First, the fixed ends of perfectly flat
structures are displaced along the length direction towards
each other (displacement of ~0.96nm). Then the resulting
system is allowed to relax for a minimum of 40000 time
steps. When the desired A,,; and L. are reached, the MD
simulations are stopped.

For graphene on SiO, substrates, A,,,; and L. are 0.19
and 30nm, respectively.” Nanoribbons with dimensions
much smaller than the ripple correlation length cannot be
constructed with Lammps and exhibit the right A, and L..
For this reason, large-scale GNRs must be considered. In this
work, their length L is set to 120nm and their width W to
20.5 nm. Such structures contain 97 440 atoms corresponding
to Hamiltonian matrices of size 876960 in the sp’d° tight-
binding model. The height-height correlation function
grammps(r) of one nanoribbon sample created by LAMMPS is
reported in Fig. 1(b). To demonstrate that the values of A,
and L. for this sample are correct, gzapmmps(r) is compared to
its experimentally determined analytic form’

ganalytical(r) - Q’A/z‘ms(l - eXP(*V/Lc))- (1)

A good agreement between grammps(r) and ganaiyiicar (1) can
be observed in Fig. 1(b), where an exponential autocovariance
function is assumed for the atom height z(x, y) in Eq. (1).

To calculate the ripple-limited low-field mobility of the
graphene nanoribbons generated by Lamwmps, their energy-
resolved transmission probability T(E) and total density-of-
states D(E, x, y) are first computed within the NEGF formal-
ism expressed in our sp’d> tight-binding basis and in the
coherent transport limit, without solving the Poisson equa-
tion. The mean transmission value averaged over 20 GNR
samples with different ripple configurations, its maximum
and minimum values, as well as the transmission through a
flat structure are shown in Fig. 3(a). From T(E) and D(E, x,
y), the electron current I, and charge density n, can be eval-
uated for each sample using

_ 2efdE o d(E, EF>>
I, = - JZﬂT(E)< i eAV, )

ng = %JdXd)’JdED(EaX7Y)f(E7EF)7 3)

where the factor 2 stands for the two spin contributions, e is
the elementary charge, 7 the reduced Planck’s constant,
L=120nm the GNR length, AV the small bias applied
between its two ends, Ep the electron Fermi level, and
f(E,Ep) the Fermi distribution function.

The charge density of rippled graphene nanoribbons
varies quite rapidly along the x- and y-axis due to the non-
uniformity of the density-of-states. As a consequence, the
mobility becomes position-dependent. However, since a
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FIG. 3. (a) Energy-resolved transmission probability through a graphene
nanoribbon with L =120nm and W =20.5nm. The solid line refers to the
mean transmission averaged over 20 samples when ripples are included
(Ays = 0.19nm, L.=30nm), the thin dashed (dashed-dotted) line to the
maximum (minimum) value of the transmission, and the dashed gray line to
the transmission through a flat nanoribbon. (b) Mean electron density in the
channel of the same graphene nanoribbon as in (a) as a function of the Fermi
level position at room temperature. A bias difference AV = 1 mV is applied
between the two ends of the structure. The error bars indicate the standard
deviation from the mean values. (c) Same as (b), but for the electron current
I,. (d) Same as (b) and (c), but for the channel resistance R = AV /.

single mean mobility is usually extracted from experimental
devices, the charge density in Eq. (3) is averaged over x and
y to smooth its spatial variations. It is therefore important to
realize that, locally, the mobility might be larger or smaller
than what is reported.

The mean value of the charge density 714 meqn. €lectron
current /g 0qn, and channel resistance Rgmean = AV /11 mean
averaged over 20 samples are reported in Figs. 3(b)-3(d) as a
function of the Fermi level Ey. Considering only 20 GNR
samples is justified by the fact that n,, I;, and R; do not pres-
ent large statistical variations from one sample to the other,
as indicated by the error bars in Fig. 3.

The last simulation step consists in eXtraCting f.;yyes
from n, and R,. This is achieved by solving the following

equation:
-1
Ris— Ry 1
Hyipples = (T) oy 4)

The ballistic resistance R is calculated based on the trans-
mission probability through a flat nanoribbon, as shown in
Fig. 3(a). Equation (4) is similar to the “dR/dL” method,]9
which requires diffusive electron transport and therefore no
localization effects. Since no isolated peak emerges from the
transmission curves in Fig. 3(a), it can be concluded that
there are no strong localization effects and transport is
mainly diffusive.

The room temperature, ripple-limited mobility of large-
scale graphene nanoribbons on SiO, is plotted in Fig. 4 as a
function of the charge density n,. As can be seen, ripples and

Appl. Phys. Lett. 102, 253506 (2013)

—_A__=0.19nmL _=30nm
rms C

g 40007 A =0.015nmL _=0.5nm ||
ms C

T

cm“/V

ty

3000

N
o
o
o

Electron Mobil

1000 : ; ; .
2 4 6 8 10
Electron Density (cm 72) x 10

FIG. 4. Ripple-limited low-field mobility in a graphene nanoribbon with
L=120nm and W=20.5nm at room temperature. Two cases are plotted:
(Ayms = 0.19nm, L.=30nm), which corresponds to the data of SiO, sub-
strates as in Ref. 9 and (A,,,; = 0.015 nm, L. = 0.5 nm), where the root mean
square of BN substrates is used as in Ref. 10 (no experimental L. value
known).

corrugations have a large influence on the mobility, which
barely exceeds 3000 cmz/V s, even at low carrier densities.
The ripple-limited mobility is about one order of magnitude
smaller than the one originating from line edge roughness or
electron-phonon scattering,® indicating the critical influence
of the structural spatial variations of ripples on the device
performance. The resulting low mobility values correspond
well to the experimental data reported in Ref. 20, both in
terms of magnitude and shape (maximum mobility at a car-
rier concentration around 2 x 10" cmfz).

As a second example, BN substrates are considered.
While the root mean square of the BN surface has been well
established, 0.01 < A,,,; < 0.02nm,"° the correlation length
is unknown. As a solution to this problem, we have set
Ayms = 0.015nm and let LaAMMPS automatically determine L.
The resulting value is 0.5 nm, but its accuracy is uncertain.
For this reason, these substrates are more properly viewed as
pseudo-BN instead of actual BN. Following the procedure
for SiO, substrates, a ripple-limited mobility is extracted for
graphene on pseudo-BN and is shown in Fig. 4. A 30%
increase can be observed compared to SiO,, which is less
than the benefit expected from real BN substrates.”’ These
relatively low mobility values for graphene on pseudo-BN
are most likely due to the short correlation length predicted
by Lammps. Further investigations are needed to better mimic
real BN substrates.

In conclusion, we have developed a simulation approach
based on molecular dynamics and quantum transport to study
the ripple-limited mobility component of large-scale gra-
phene nanoribbons deposited on SiO,. Values below
~3000 cm?/Vs have been found at low and high charge den-
sities. This indicates that the morphology of the underlying
substrate surface strongly limits the maximum achievable
mobility of graphene. It remains to be determined how rip-
ples with a large correlation length may impact ultra-narrow
graphene nanoribbons. If the atom height does not vary
much along the width direction, ripples may have a small
influence on the total mobility, which will be dominated by
line edge roughness.
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