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In this work, the electronic transport in armchair graphene nanoribbons in the presence of surface
corrugation is studied. The non-equilibrium Green’s function along with tight-binding model for
describing the electronic band structure is employed to investigate the electronic properties of
graphene nanoribbons. The effects of surface corrugation parameters, such as corrugation amplitude
and correlation length, on the electronic properties of the graphene nanoribbons are studied. The mean
free path of carriers is extracted and its dependency on the corrugation amplitude and correlation
length is investigated. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4824362]

Graphene has attracted much attention due to its unique
electronic, physical, and mechanical properties. Graphene
should be placed on a substrate to be usable for electronic
applications. Scattering of carriers due to charged impurities
and surface corrugation of the substrate surface, however,
can degrade the electronic properties of graphene.'” In par-
ticular, microscopic corrugations have been observed both
on suspended® and supported*”’ graphene sheets. This rip-
pling has been invoked to explain the thermodynamic stabil-
ity of free-standing graphene sheets.® To use graphene for
building electronic devices, it should be placed on a sub-
strate. In principle, the underlying substrate has always a
degree of surface corrugation, which depends on the material
type and the applied polishing method. Surface corrugation
affects the surface morphology and can reduce the mobility
even further.”

When graphene is placed on a substrate, it follows the
ripples of the substrate surface'® (see Fig. 1), where such rip-
ples induce significant stress in the graphene sheet.” The
height of the surface corrugation approximately varies
between 25 pm for mica® and 300 pm for SiO,,>° see Table
I. Although the surface of mica is much smoother than that
of SiO,, but SiO, is a more common material for semicon-
ductor industries. Modeling surface corrugation with a sim-
ple sinusoidal function, Costamagna et al.'" have shown that
surface corrugation can induce an electronic band-gap in me-
tallic armchair graphene nanoribbons (AGNRs). In this
work, however, by employing an accurate statistical descrip-
tion of the surface corrugation, the role of corrugation on the
mobility and mean free paths (MFPs) of carriers in GNRSs is
comprehensively studied.

Electrons in 7 bonds of p.-orbitals in graphene are re-
sponsible for electronic conduction. In this work, a first
nearest-neighbor tight-binding model is employed to describe
the electronic bandstructure of GNRs. The hopping parameter
between first nearest-neighbor carbon atoms is assumed to be
—2.7eV. Surface corrugations, however, change the bonding
lengths between carbon atoms which significantly modulate
the hopping parameters. Based on the Harrison’s model, the
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hopping parameter is inversely proportional to the square of
the bonding length 7 o< 1/ I2.'? Using this model, the effect of
the substrate corrugation, which affects the bonding lengths
between carbon atoms, on the hopping parameter and as a
result the electronic properties of GNRs is investigated.
Small bending of p.-orbitals due to corrugation need to be
considered, but it has been shown that the modulation of the
hopping parameters due to the bonding length variation is
much stronger than that of orbital bending."?

Surface corrugation of the substrate is an statistical phe-
nomena which can be modeled by a Gaussian auto-
correlation function (ACF)* %14

X2 2
R(x,y) = 0 exp ( - Ly2> , (1)
X 'y

where L, and L, are the roughness correlation lengths along
the x and y-direction, respectively, which indicate the dis-
tance at which corrugation is relatively repeated and o/ is
the root mean square of the fluctuation amplitude and is an
indication of the fluctuations height. The related parameters
for various substrate materials are mentioned in Table I.

To generate surface corrugation in spatial domain, the
auto-correlation function is Fourier transformed to obtain the
spectral function. A random phase with even parity is
applied and followed by an inverse Fourier transformation. '’
For the given geometrical and roughness parameters, many
samples are created and the electronic characteristics of each
sample is evaluated. By taking an ensemble average, the role
of corrugation parameters on the average device characteris-
tics is investigated. The non-equilibrium Green’s function
(NEGF) method is employed in this work to study transport
of carriers in GNRs. Details of our approach are described in
Ref. 15.

FIG. 1. 3D sketch of a corrugated AGNR.

© 2013 AIP Publishing LLC
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TABLE I. Surface corrugation parameters for various substrate materials,
see Refs. 4-7.

SiO, Boron-nitride Mica
oh 168-360 pm ~ 75pm 24 pm
L.=L, 15-32 nm - 2 nm

Depending on the material type and cleaning process, the
corrugation amplitude and correlation length can approxi-
mately vary between 24-340 pm and 2-32 nm, respectively,
see Table I. The average transmission probability as a func-
tion of energy at various o4 for an AGNR and a zigzag gra-
phene nanoribbon (ZGNR) are shown in Figs. 2(a) and 2(b),
respectively. As ok increases, the transmission probability
decreases due to increased carrier scattering rate. Subbands
can be recognized for small values of 6/ (small perturbation).
At large values of 04, steps in the transmission probability are
smoothed out. On the other hand, the average transmission
probability increases with the correlation length, see Fig. 2(c)
for AGNR and Fig. 2(d) for ZGNR. As the correlation length
increases, surface corrugation becomes smoother which leads
to the reduction of carrier scattering rate.

In the absence of scattering, the transmission probability
is independent of the channel length. However, the transmis-
sion has an inverse proportionality to the channel length in
the presence of scattering

T(E) = Nen(E)/(1 + L/ A(E)), 2

where A(E) is defined as the MFP of carriers. To quantify the
role of surface corrugation on the electronic properties of
GNRs, the MFPs as functions of the corrugation amplitude
and correlation length are extracted. For this purpose, at each
energy, a curve based on Eq. (2) is fitted to the average trans-
mission probability as a function of the channel length
(Fig. 3(a)) and the respective MFP at that particular energy
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FIG. 2. The average transmission probability as a function of energy at vari-
ous corrugation amplitudes and L, = L, = 25nm for the (a) AGNR and (b)
ZGNR. The average transmission probability as a function of energy at vari-
ous correlation lengths for the (¢) AGNR with 642 =50 pm and (d) ZGNR
with 04 =150 pm. W=2.5 nm for both the AGNR and ZGNR and L =100
nm for the AGNR and L =50 nm for the ZGNR.
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is extracted, see Fig. 3(b). The MFP increases at each sub-
band with energy but it falls down at the edge of the next
subband. A van-hove singularity appears at the edge of each
subband which results in significant increase of the density
of state and scattering rate of carriers, therefore, the MFP
decreases at these edges. Because of the absence of such
van-hove singularities in the electronic bandstructure of gra-
phene, one should expect that the surface corrugation plays a
more important role on the electronic properties of GNRs
than that of graphene.

Figs. 4(a) and 4(b) indicate the MFP scales with corruga-
tion amplitude as Oh™* for both the AGNR and ZGNR,
respectively, whereas MFP scales linearity with the correla-
tion length, see Figs. 4(c) and 4(d) for AGNR and ZGNR,
respectively. It should be noted that the relatively larger MFP
of the ZGNR, in comparison with that of the AGNR, is due to
the robustness of edge-states against disorder in zigzag con-
ﬁguration16 (see the inset of Fig. 4(b)). As the correlation
length increases, surface corrugation becomes smoother, and
the scattering rate is reduced. The scaling of MPF with the
corrugation amplitude can be approximated from the Fermi
golden rule. The bonding length in the presence of surface
corrugation can be expressed as I> = a2, + Ah%j where Ahy; is
the height difference between two nearest neighbor atoms and
a.. 18 the distance between nearest neighbor carbon atoms in
graphene. Assuming /;; < a.., one can employ Harrison’s'?
model to approximate the hopping parameters with

ty=t 0 o 1 i 3)
! (Zif/arr)z 1+ Ahizj az, a%n

Therefore, the modulation of the hopping parameter is quad-
ratically proportional to corrugation amplitude Jt; o Ah?j
and one obtains (i|0H|j) = ot Ahizj. Taking an ensemble
average over hopping parameters yields

(61) o< (ARG) = (|h(x,y) = h(x + ace, y))

= (h(x,y)*) + (h(x + aee,y))
- 2<h(x7y)h(x + ac'c'vy»v (4)

considering that (h(x,y)h(x+x',y+y')) is defined as the
ACF of roughness amplitude, (h(x,y)?) = (h(x + dce,y)?)
= 0h* and (h(x,y)h(x + acc,y)) = 6h* exp(—aZ,/L?). As a
result, (6¢) oc Sh*. Based on the Fermi golden rule, the scat-
tering rate due to surface roughness is given by 77!
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FIG. 3. (a) The average transmission probability as a function of length at
E=1eV for 6h=250 pm. The dashed-line is a fitted curve based on Eq. (2)
for extracting the MFP. (b) The MFP as a function of energy for 6= 150
pm. All results are for the AGNR with W=2.5nm and L, = Ly = 15nm.
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FIG. 4. The dependency of the MFP with the corrugation amplitude at L, = L, = 15nm for the (a) AGNR with W =5 nm and the (b) ZGNR with W =3 nm. The
symbols indicate simulation results and the dashed curves are fitted lines based on / oc 64, The inset of Fig. 4(a) shows the MFP as a function of 2=, The inset
of Fig. 4(b) depicts the MFP as a function of energy for the ZGNR. Relatively large MFPs close to the Dirac point are due to the robustness of the edge states og
ZGNR against disorder. The dependency of the MFP with the correlation length for the (c) AGNR with W= 2.5 nm, 64 = 150 pm and (d) ZGNR with W =3 nm
and 6/ = 150 pm. The symbols are the simulation results and the dashed curves are fitted to 1 o L., L,. All MFPs in (a)—(d) are extracted at E=1¢eV.
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FIG. 5. (a) The mobility of the AGNR as a function of width at various cor-
rugation amplitudes. (b) A comparison between the role of surface corruga-
tion amplitude and that of line-edge roughness on the mobility as a function
of the ribbon’s width. L, = L, = 15nm and L = 50 nm.

o |(i|0Hj)|* = |(61)]*  6h*. The MEFP, therefore, scales
with corrugation amplitude as A oc 1/8A%.

Next, we investigate the role of surface corrugation on
the mobility of AGNRs. Mobility can be evaluated from
w(E) = a(E)/n,"" in which n is the electron concentration
and o(E) is the conductivity that can be obtained based on
linear response theory o(E) = (2¢>/h)T(E)(—0f(E)/OE),
with f as the Fermi-Dirac distribution function. Fig. 5(a)
shows mobility as a function of width at various corrugation
amplitudes. The results indicate that the mobility is consider-
ably degraded for corrugation amplitudes around 250 pm,
which is a typical value for SiO, substrates. Fig. 5(b) com-
pares the role of edge roughness and surface corrugation on
the mobility of AGNR placed on a SiO, substrate. The details
of edge roughness limited mobility evaluation are described
in Ref. 18. Although edge roughness is the most detrimental
scattering mechanism on the electronic properties of narrow
AGNRs, surface corrugation appears as a dominant scattering
mechanism for AGNRs with widths wider than approxi-
mately 3 nm placed on SiO, substrates.

The role of surface corrugation on the electronic prop-
erties of GNRs is theoretically investigated, employing an
atomistic tight-binding model along with the NEGF formal-
ism. The dependency of the MFP on the corrugation

amplitude and correlation length is studied. The results indi-
cate that MFP scales with the corrugation amplitude as
J. o< 6h™*, whereas it scales linearity with the correlation
length. The importance of considering surface corrugation
on the analysis of narrow GNRs on SiO, substrates is also
investigated.
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