IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 59, NO. 12, DECEMBER 2012

3527

Device Performance of Graphene Nanoribbon
Field-Effect Transistors in the Presence
of Line-Edge Roughness

Arash Yazdanpanah Goharrizi, Mahdi Pourfath, Member, IEEE,
Morteza Fathipour, Member, IEEE, and Hans Kosina, Member, IEEE

Abstract—The electrical characteristics of armchair edge
graphene nanoribbon field-effect transistors in the presence of
line-edge roughness scattering are studied. Self-consistent atom-
istic simulations based on the nonequilibrium Green’s function
formalism are employed. A tight binding model incorporating
the third nearest neighbor interaction and edge bond relaxation
is used to describe the electronic bandstructure. The effect of
geometrical and roughness parameters on the ON-current, the
OFF-current, subthreshold swing, and the transconductance is
investigated.

Index Terms—Device simulation, graphene field-effect tran-
sistors, graphene nanoribbon, nonequilibrium Green’s function
(NEGF), quantum transport.

I. INTRODUCTION

HE miniaturization of transistors has obeyed Moore’s law

for many years. However, the continued scaling of CMOS
transistors suffers from short-channel effects, increase of the
gate-leakage current, and the punchthrough effect [1], [2]. Over
the past decade, huge efforts have been directed to the intro-
duction of new materials such as compound semiconductors,
carbon nanotubes, and graphene. Among them, graphene has
attracted considerable attention from the scientific community
due to its excellent electronic properties, such as high electron
and hole mobilities even at room temperature and at high dop-
ing concentrations [3], high thermal conductivity [4], and its in-
teresting optical properties [S]. Graphene is a gapless material,
which makes it unsuitable for transistor application. However,
an energy gap can be induced by tailoring a graphene sheet into
nanoribbons [graphene nanoribbons (GNRs)] [6]. Depending
on the orientation of the ribbon edges, GNRs can have edges
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with zigzag shape, armchair, or a combination of these two [7].
In order to obtain a suitable bandgap for transistor applications,
the width of GNRs must be scaled to extremely small values.
In narrow GNRs, line-edge roughness plays an important role
on the device characteristics [8]-[14]. The effect of line-edge
roughness on the performance of GNR field-effect transistors
(GNR-FETs) has been numerically studied in [8] and [9]. These
works have considered the first nearest neighbor tight binding
interactions between carbon atoms only. In this paper, however,
interactions up to the third nearest neighbors along with edge
bond relaxation are considered [15], [16]. A third nearest neigh-
bor tight binding model is necessary to obtain results in agree-
ment with experimental [6], [17], [18] and ab initio studies [16],
[19], [20]. In this paper, the electronic properties of GNR-FETSs
in the presence of line-edge roughness are numerically studied.
In contrast with previous works, an exponential autocorrelation
is employed to model edge disorders [21], [22]. By using this
model, diffusive, localization, and strong localization transport
regimes are accurately investigated for narrow nanoribbons.
Device characteristics are studied using the nonequilibrium
Green’s function (NEGF) formalism [23]. This paper is orga-
nized as follows: Section II describes the simulation approach
used. The effects of geometrical and roughness parameters on
the performance of GNR-FETs are investigated in Section III.
Concluding remarks are drawn in Section I'V.

II. APPROACH
A. NEGF Formalism

The NEGF method has been widely used over many years
to study nanoscale devices [24]-[28]. The retarded Green’s
function of the channel can be written as [23]

G=[(E+inl—-H-U-%g—%p|" (1)

where 7 is an infinitesimally small positive quantity. U is the
electrostatic potential energy obtained by solving the Poisson
equation in three dimensions self-consistently with the trans-
port equations. In the presence of line-edge roughness, the
convergence of the self-consistent iteration is poor. However,
by employing a nonlinear Poisson solver described in [29]
along with an adaptive energy grid selection method [30],
[31], the convergence rate is significantly improved. H is the
Hamiltonian of the device, which is represented in a tight
binding basis [15], [32]. The hopping parameters between the
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(a) Schematic sketch of a GNR-FET with n-type contacts, AloO3 gate dielectric, and SiO2 substrate. (b) Armchair GNR with rough edges (W = 3 nm,

AW/W = 3%, and AL = 3 nm). (c) Average transmission probability as a function of energy and (d) conduction and the valance band-edge profile along the

device length (W = 1.6 nm and AL = 10 nm).

first and third nearest neighbors are assumed to be as ¢ ~
—3.2 eV and t3 = —0.3 eV, respectively. X g and Xp in (1)
are the contact self-energies which describe the broadening and
the shift of the energy levels due to the interaction with the left
and right contacts, respectively, and can be obtained as follows:

Yg= @qusﬁs Yp = Bpgphh. 2

Here, gs and gp are the surface Green’s functions of the source
and drain contacts, respectively, and S and 3 are the coupling
matrices between the device and the respective contact. The
surface Green’s functions of the source and drain contacts can
be efficiently calculated by using an iterative scheme [33]. The
transmission probability of carriers through the device can be
evaluated as [23]

T(E) = Trace [[sGT'pG']. 3)
T is the contact broadening function defined as
Tsp =i [ES,D — ET&D} . (4)

Finally, the source—drain current of the GNR-FETs can be
calculated as

_ 2e

1
h

T(E)[fs(E) — fp(E)]dE. (5)
Here, fs and fp are the source and the drain Fermi functions,
respectively.

B. Line-Edge Roughness

Line-edge roughness can be modeled in a stochastic way
using an exponential autocorrelation function [21]
_ =]

AL) , r = nAu. (6)

R(z) = AW? exp (
Az is the sampling interval chosen to be equal to a../2, where
ac. 1s the distance between nearest neighbor carbon atoms,
AL is the roughness correlation length which is a measure of
smoothness, and AW is the root mean square of the fluctuation
amplitude. To create line-edge roughness in real space, one first
evaluates the Fourier transform of the autocorrelation, which
gives the power spectrum of the roughness. By applying a
random phase to the power spectrum followed by an inverse

Fourier transform, roughness in real space is achieved [22].
We create many samples with the same roughness parameters
and evaluate their electronic properties. Finally, an ensemble
statistical average is formed.

III. NUMERICAL RESULTS

In this section, the effect of the geometrical and roughness
parameters on the transfer characteristics and performance of
GNR-FETs is investigated. A top gate geometry with a 1.5-nm
gate oxide of AlyO3 with €, = 9.8 is assumed. The length of
the drain extension is equal to the gate length (L,), and that
of the source is half times smaller than the gate length; see
Fig. 1(a). The source and drain contacts are assumed to be
n-type doped with a concentration of 2 x 10° m~'. The sub-
strate is assumed to be SiOs. Fig. 1(b) shows a GNR with rough
edges. As the figure shows, line-edge roughness is applied to
both edges by adding or removing some atoms. The respective
Hamiltonian matrix is evaluated by considering the interaction
of each carbon atom with its first and third nearest neighbors. To
capture the statistical nature of roughness, for given geometrical
and roughness parameters, 200 samples are generated and
simulated, and an ensemble average of their characteristics is
performed. For all simulations, a supply voltage of Vp = 0.5V
and room temperature operation are assumed.

A. Role of the Channel Length

The effect of the channel length scaling on the device char-
acteristics in the presence of line-edge roughness is investi-
gated. The average transmission probability of many samples
along with the conduction band edge at two different channel
lengths in the OFF state (Vo =0 V) are shown in Fig. 1(c)
and (d). In the long-channel limit, the OFF-current is mostly
due to the thermionic emission of carriers over the potential
barrier, whereas in the short-channel limit, the OFF-current is
dominated by the tunneling of carriers through the barrier. As a
result, in the presence of line-edge roughness, the OFF-current
of short-channel devices is larger than that of a perfect GNR-
FET due to enhanced quantum mechanical tunneling through
the localized states induced in the bandgap [34]; see Fig. 2.

In long-channel devices, where the current is dominated
by the thermionic emission of carriers above the barrier, the
ON- and OFF-currents decrease as a result of edge roughness
scattering [35], [36]. For a better comparison, the average
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Fig. 2. Comparison between the average transfer characteristics of rough
GNR-FETs and those of a GNR-FET with perfect edges at two different device
lengths (W = 1.6 nm and AL = 10 nm).
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Fig. 3. Average transfer characteristics in (a) logarithmic and (b) linear scales
of GNR-FETs at different device lengths (W = 1.6 nm, AL = 10 nm, and
AW/W =2%).
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Fig. 4. Averages of (a) ON-current, (b) OFF current, and (c) ON-/OFF-current
ratio as functions of the device length. Symbols show the exact values, and
the dashed lines are fitted to the data points using cubic polynomial functions
(W = 1.6 nm, AL = 10 nm, and AW/W = 2%).

transfer characteristics at various lengths are shown in Fig. 3.
Apparently, as the device length decreases, both the ON- and
OFF-currents increase. The transmission probability of perfect
GNRs depends only on the ribbon’s width. In the presence of
line-edge roughness, the transmission probability, however, de-
creases with the length, particularly in the localization regime.
In this case, one can define an effective transport gap, where the
transmission probability drops below 1072 [35]. The transmis-
sion probability of rough GNR-FETs considerably decreases
as length increases. As shown in Fig. 4(a), the ON-current
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Fig. 5. Comparison between the averages of (a) subthreshold swing and

(b) the transconductance of rough GNR-FETs and those of a GNR-FET with
perfect edges as functions of the channel length. Symbols show the exact values,
and dashed lines are fitted to the data points using cubic polynomial functions
(W = 1.6 nm, AL = 10 nm, and AW/W = 2%).

increases by a factor of about 1.6, by scaling the total length
of the device L from 40 to 15 nm. Due to roughness-enhanced
tunneling, however, the OFF-current increases by a factor of 23
with the same channel length scaling. As a result, the ratio
of the ON-current to the OFF-current decreases from 10* at
L =40 nm to 54 at L = 15 nm. Fig. 5 shows the subthreshold
swing and transconductance as functions of the device length.
Apparently, due to a weaker electrostatic control of the gate in
short-channel devices, a larger subthreshold swing is obtained
for such devices. Due to ballistic transport of carriers, the
transconductance of GNRs with perfect edges remains constant
with the channel length. However, due to carrier scattering at
rough edges, the transconductance of such GNRs decreases
with the channel length.

B. Role of the Device Width

Fig. 6(a) compares the effective transport bandgap of perfect
GNRs with that of rough GNRs as functions of the ribbon’s
width at L = 20 nm. The bandgap of a GNR is inversely pro-
portional to the width. In the presence of line-edge roughness,
the bandgap increases even more due to the localization of
carriers [35]. In Fig. 6(b) and (c), the average transfer charac-
teristics of rough and perfect GNR-FETs are compared. In the
absence of line-edge roughness, with increasing the width, both
the OFF- and ON-currents increase due to a smaller bandgap
and an increased number of available conducting channels. In
the presence of line-edge roughness, the OFF-current increases
in narrow ribbons, whereas it decreases in wider ribbons. In
narrow ribbons, line-edge roughness induces localized states
in the bandgap which enhance quantum mechanical tunneling
of carriers from the source to the drain in the OFF state. Wide
ribbons, however, are less sensitive to line-edge roughness than
narrow ribbons. In this case, the OFF-current is mostly affected
by the effective transport bandgap. The effective transport gap
decreases as the width increases. Therefore, both the ON- and
OFF-currents increase (Fig. 7) with the width. The ON-current
of rough GNR-FETs and that of a GNR-FET with perfect
edges are compared in Fig. 7(a). The vertical line in Fig. 7(b)
marks the border between two regions, defined by I, > I,gB
to the left and I, < I,gp to the right, where I gp indicates the
OFF-current of a GNR-FET with perfect edges. We observe
that the ON-/OFF-current ratio of GNR-FETSs increases expo-
nentially as the GNR width decreases [Fig. 7(c)]. The insets
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Fig. 6. (a) Comparison between the (rectangle) effective transport gap and the (circles) bandstructure gap of GNRs as functions of width. Comparison between

the average transfer characteristics of rough GNR-FETs and those of a GNR-FET with perfect edges for (b) W = 1.6 nm and (¢) W = 3.8 nm. For all devices,

L =20 nm and AL = 10 nm are assumed.
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Fig. 7.

Comparison between the average (a) ON-current and (b) OFF-current of rough GNR-FETs and those of a GNR-FET with perfect edges as functions of

width. (c) ON-/OFF-current ratio of GNR-FETs with rough edges increases exponentially as a function of width. Symbols show the exact values, and dashed lines
are fitted to the data points using cubic polynomial functions. The insets compare the average transfer characteristics in the (b) logarithmic and (c) linear scales of
GNR-FETs at various widths (L = 20 nm, AW/W = 2%, and AL = 10 nm).
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transconductance of rough GNR-FETs and those of a GNR-FET with perfect
edges as functions of width. Symbols show the exact values, and dashed lines
are fitted to the data points using power functions for the subthreshold swing
and cubic polynomials for the transconductance. (L = 20 nm, AW/W = 2%,
and AL = 10 nm).

of Fig. 7 compare the transfer characteristics of GNR-FETs at
various widths in the presence of line-edge roughness in the
logarithmic (b) and linear (c) scales, respectively.

As shown in Fig. 8(a), the subthreshold swing is degraded in
wide ribbons with perfect edges because of a smaller bandgap.
In the presence of line-edge roughness, however, this charac-
teristic is improved for wide ribbons due to a larger effective
transport bandgap and the reduction of the tunneling current.
In narrow ribbons, the subthreshold swing is degraded more
because of the enhancement of the tunneling current through
localized states. As shown in Fig. 8(b), the transconductance
increases with the width as the number of conduction channels
increases.

C. Role of the Roughness Amplitude

The effective transport gap, the ON-current, and the OFF-
current as functions of the roughness amplitude are shown in
Fig. 9. The insets show the average transfer characteristics
at various roughness amplitudes. A comparison between the
effective transport gap and the bandstructure gap shows that the
effective transport gap increases significantly with the rough-
ness amplitude. Fig. 10 shows the subthreshold swing and the
transconductance of GNR-FETs as functions of roughness am-
plitude. Both the ON-current and the transconductance decrease
with the increase of the roughness amplitude. At small values of
the roughness amplitude, the OFF-current and the subthreshold
swing increase with the roughness amplitude; see Figs. 9(c)
and 10(a). This behavior is due to the formation of localized
states in the bandgap [8]. Band-to-band tunneling is strongly
enhanced in the presence of such states. As the roughness
amplitude increases further, transport is located in the strong
localization regime, where the transport gap increases with the
roughness amplitude. Due to the increase of the transport gap,
the OFF-current and the subthreshold swing decrease, but the
performance is significantly degraded in terms of ON-current
and transconductance.

D. Role of the Correlation Length

The average ON-current, transconductance, and subthreshold
swing as functions of the correlation length are shown in
Fig. 11. The insets show the average transfer characteristics
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(a) Comparison between the (diamond) effective transport gap and the (square) bandstructure gap of GNRs as functions of the roughness amplitude. The

average (b) ON-current and (c) OFF-current of rough GNR-FETs as functions of the roughness amplitude. Symbols show the exact values and dashed lines show
the fitted curves. The fitting functions used are an exponential function for the ON-current, a quadratic polynomial for the first part of the OFF-current (positive
slope), and a cubic polynomial for the second part of the OFF-current (negative slope). The insets compare the average transfer characteristics of rough GNR-FETs
at various roughness amplitudes and of a GNR-FET with perfect edges on (b) logarithmic and (c) linear scales. (L = 20 nm, W = 1.6 nm, and AL = 10 nm).
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at various correlation lengths. In the presence of line-edge
roughness, the leakage current is affected by the localized states
induced in the bandgap and the effective bandgap. Both of these
parameters have a strong dependence on the length, width, and
roughness amplitude [35]. As the correlation length increases,
the effective bandgap is slightly reduced [36]. Therefore, in
narrow GNRs, where the bandgap is much larger than these
small variations, the correlation length has a negligible ef-
fect on the leakage current. However, the ON-current and the
transconductance increase with the correlation length, whereas
the subthreshold swing is reduced; see Fig. 11.

IV. CONCLUSION

A comprehensive study of the role of geometrical and rough-
ness parameters on the performance of armchair edge GNR-
FETs has been performed, using the NEGF formalism. Our
results indicate that the performance of GNR-FETSs in terms
of the ON-/OFF-current ratio and the subthreshold swing is im-
proved in long-channel and narrow ribbons, while the transcon-
ductance is degraded. In the presence of edge roughness,
transport can be in the diffusive or localization regime based
on the geometrical and roughness parameters. In the diffusive
regime, with increasing roughness amplitude, the performance
is degraded due to an increase in OFF-current and subthreshold
swing and a decrease of the transconductance and ON-current.
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dashed lines show the fitted curves to the data points using power functions. The insets compare the average transfer characteristics of rough GNR-FETs at various
correlation lengths and of a GNR-FET with perfect edges on (a) logarithmic and (b) linear scales (L = 20 nm, W = 1.6 nm, and AW/W = 2%).
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