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Abstract

The upper limit performance potential of ballistic carbon nanoribbon MOSFETs is
examined. We calculate the bandstructure of nanoribbons using a single p.-orbital tight-
binding method and evaluate the current-voltage characteristics of a nano-ribbon
MOSFET using a semiclassical, ballistic model. We find that semiconducting ribbons a
few nanometers in width behave electronically in a manner similar to carbon nanotubes,
achieving similar ON-current performance. Our calculations show that semiconducting
carbon nanoribbon transistors can be candidates for high mobility digital switches, with
the potential to outperform the silicon MOSFET. Although wide ribbons have small
bandgaps, which would increase subthreshold leakage due to band to band tunneling,

their ON-current capabilities could still be attractive for certain applications.

Index Terms—MOSFET, quantum confinement, carbon, graphite, nanotechnology,

current density, nanowire, bandstructure, ballistic



I. INTRODUCTION

Carbon nanotubes (CNTs) have recently attracted broad attention for future electron
device applications because of their excellent electronic [1] and optical [2]
characteristics. Prototype structures showing good performance for transistors [3],
interconnects [4], electromechanical switches [5], infrared emitters [2], and bio-sensors
[6] have been demonstrated. To use CNT metal-oxide-semiconductor field-effect-
transistors (MOSFETs) in realistic IC applications, however, material properties such as
the bandgap (E¢) have to be precisely controlled. Although the presence of absence of a
bandgap is a strong function of its chirality [7], there is currently no straightforward way
to control the CNT chirality during growth.

The carbon nanoribbon metal-oxide-semiconductor field-effect-transistor (CNR
MOSFET) is an alternative device possibility that could bypass the CNT chirality
challenge. Carbon nanoribbons (CNRs) are graphene sheet monolayers patterned along a
specific channel transport direction with a narrow channel width. They are theoretically
expected to exhibit promising electronic properties [8] and extremely high electron/hole
mobility [9], similar to the properties observed in CNTs. A CNR MOSFET is a device
that would utilize a CNR as the channel of a FET-like device. Graphene is, of course,
known to be a semi-metal, but the spatial confinement of the ribbons in their transverse
direction can induce a bandgap. The width of the ribbon (in the transverse direction) and
its transport orientation relative to the graphene crystal structure are the two parameters
that determine the bandgap and the electronic properties of the CNR [10], in a similar
way that the chirality controls the properties of the CNT. In the case of the CNR

MOSFETs, however, the possibility to pattern the nanoscale strip of graphene which has



a definite orientation relative to the substrate [11] is a possible way to overcome the CNT
chirality control problem. The ultra-thin carbon monolayer, furthermore, would provide
extremely good gate electrostatic control. In this sense, the CNR MOSFET would be the
ultimate two-dimensional (2D) device, and is expected to greatly reduce short channel
effects such as drain induced barrier lowering (DIBL) and subthreshold swing (S), which
are mainly determined by the electrostatics of the device. The control over these
parameters plays an important role in nanoscale MOSFET performance.

In this work, we analyze the electronic structure of CNRs with two different transport
orientations, the armchair and zig-zag orientations as shown in Fig. 1. Note that the
names “armchair” and “zig-zag” refer to the shape of the edge in the transport direction
of the CNR and follow the standard CNR literature convention [8] which is opposite to
the CNT convention [7]. We find that certain armchair CNRs can exhibit semiconducting
behavior. Zig-zag CNRs are either metallic or semiconducting but with localized states
appearing in the bandgap. In this study, we focus only on the armchair semiconducting
CNRs since they appear to be the most promising for use as the channel of conventional
MOSFETs. We then explore the ballistic current-voltage characteristics of
semiconducting CNR MOSFETs. We find that narrow CNR devices can operate as
digital switches and potentially outperform an ideal, ballistic Si MOSFET in terms of

drive current capabilities.



II. APPROACH

In order to explore the performance potential of armchair CNR MOSFETs, we follow a
two-step procedure. First, we assume a CNR with a certain width and orientation, and
then we calculate its E-k relation. Next, we use the calculated dispersion relations to
calculate the ballistic current-voltage (/-V) characteristics of n-channel CNR MOSFETs
using a semi-classical “top-of-the-barrier” MOSFET model [12].

A. Electronic Bandstructure Calculations:

To calculate the dispersion relation of CNRs, we employ a nearest-neighbor orthogonal
tight-binding (TB) method based on a single p.-orbital. The Hamiltonian of the CNR

(either armchair, or zig-zag) is given by:

H=3t]i><jl, 6]

i
where #;; is the hopping parameter and |i > (| j >) is a localized orbital on site i(j).
Throughout this work, #;; is set to 3 eV [7] when i and j are nearest neighbors; and zero
elsewhere. Due to the abrupt termination of the graphene layer, dangling bonds appear at
the edge of the CNR that are assumed to be terminated by hydrogen atoms as shown in
Fig. 1(a) and Fig. 1(d), respectively. The C-H bond state (o state) will not impact the
CNRs’ electronic structure near the Fermi level because there is no interaction between
the o bond and ® bond contributed by the p. orbital. Therefore, the simple p.-orbital
model is still a valid method. More sophisticated approaches, such as extended Huckel
theory (EHT) and first principle calculations [13], have demonstrated that near the Fermi
level the bandstructure of CNRs with hydrogen atom termination is essentially identical

to the results as TB p.-orbital model calculations.



Next, based on the transport direction and the width of the CNR, the unit cell can be
defined, cf. the dashed rectangle in Fig. 1(a) and (d). The Hamiltonian of the unit cell and
its coupling with neighbors can be obtained from (1). We define this as H;, where / is the
unit cell index, which takes values / = +1 for nearest-neighbor unit cells, and 0 for the
center unit cell. The Hamiltonian in /D k-space corresponding to the direction along the

CNR is the Fourier transform of H; as follows:

H, =) H, exp[-isk,(z,—z,)], )

where k,=mm/L is the wavevector, (where m €[0,1]and L is the length of the unit cell),

and z; is the unit cell position—i.e./- L . The dispersion relation is obtained by solving for
eigenvalues of (2) for all k-points in the first Brillouin zone.

Both armchair and zigzag CNRs can have metallic or semiconducting electronic
properties. For example, Fig. 1(b) shows the energy dispersion (£-k) relations of an
armchair CNR with N=9 (N being the number of atoms in transverse direction) which
exhibits semiconducting characteristics, while Fig. 1(c) shows a semi-metallic electronic
structure of a same type of ribbon with N=8. Note that the degeneracy of the lowest
subband is 1, unlike carbon nanotubes where the degeneracy is 2. This is caused by the
“hard-wall” boundary conditions in nanoribbons rather than periodic boundary conditions
see e.g. [9]. The semi-metallic armchair ribbon occurs when N=3m-1, where m is an
integer [8]. Similarly, for armchair CNRs, Fig. 1(e) shows the metallic electronic
structure of the zigzag CNR with N=/0, whereas Fig. 1(f) shows the semiconductor
bandstructure of a zigzag CNR with N=9. In the latter case, however, localized edge
states appear in the bandgap. This kind of CNR appears when N =2m +1, where m is an

integer, and has been referred as “bearded ribbon” [14]. These results are in very good



agreement with previous studies of CNR electronic structure [8-11]. In this work, we
mainly focus on semiconducting armchair CNRs (N=3m or 3m+1) since they appear to

be the most promising type to be used as a MOSFET.

B. Transport Calculation:

To explore the I-V characteristics of ballistic CNR MOSFETs, we employ a “top-of-
the-barrier” MOSFET model [12]. This is a simple model which can, however, capture
two-dimensional self-consistent electrostatics and quantum capacitance effects in ballistic
MOSFETs. Band-to-band tunneling (responsible for ambipolar conduction) and source-
to-drain tunneling (which is likely to be important for smaller bandgaps) are not
accounted for in this model. As illustrated in Fig. 2(a), the charge at the top of barrier is
computed directly from the E-k relations, i.e. (2), by filling the positive velocity states
according to the source Fermi level and the negative velocity states according to the drain

Fermi level by,

W)+ IE =B, +qV,)l, (3)

2
ck_’g
ﬂl%

where f(E) is the Fermi function and E is the chemical potential in the source region.
The carrier density calculation is self-consistently coupled to Poisson’s equation solved at
the top of the barrier through a simple capacitive model involving the gate insulator
capacitance (Cg), the drain capacitance (Cp), and the source capacitance (Cs). In this

work, we assume that, C, > C),,Cs, which means that the gate has perfect gate control

over the channel. In this way, we minimize the amount of DIBL and obtain subthreshold

swings close to the ideal 60mV/dec. Finally, the ballistic current is evaluated from the



difference between the positive and negative going fluxes after electrostatic/transport
convergence is achieved. Details of the model are described in Ref. [12]. We concentrate
on the ON-state ballistic performance of the device since subthreshold leakage due to
band-to-band tunneling is not captured by this simple model.

In this paper, we assume our device structure to be a planar, top-gated N-channel
CNR MOSFET with insulator thickness ¢;,,= 1.1 nm and dielectric constant k<=4, which
results in a gate insulator capacitance of Cg = 31.4 fF/um”. The cross-section and top
view of this hypothetical device are illustrated schematically in Fig. 2(b) and Fig. 2(c).
The source and drain region are assumed to be heavily n-type doped nanoribbon
extensions that are capable of supplying any current that the gate and drain voltages
demand.

Since the bandgap and electronic properties of CNRs will depend on the size
quantization in the transverse direction, we compare ideal, ballistic CNR MOSFETs with
widths W=2.2 nm (N=18) and 4.2 nm (N=35) to an ideal, ballistic St MOSFET whose
device structure is specified by the 90 nm node of 2005 ITRS report [15]. We found that
ideal ballistic CNR MOSFETs can outperform an ideal, ballistic MOSFET by up to 200%

in terms of ON-current density at a fixed off current.

III. RESULTS AND DISCUSSIONS
The electronic properties such as the bandgap and the effective mass of the CNRs are
very sensitive to the width of the ribbon. We chose semiconducting CNRs with various
widths and performed a study of their bandstructures in order to investigate this issue.

Fig. 3 shows the bandgap of the armchair CNRs vs. their width (left y-axis). Only for the



CNR width below a few nanometers, the bandgap reaches the values acceptable for the
MOSFET operation. The effective mass of the first conduction subband increases as the
width of CNR decreases as shown in the right y-axis of Fig. 3. Although decreasing the
width of the CNRs will help to increase the bandgap and suppress band-to-band tunneling
in a realistic CNR MOSFET, this will come at the expense of a reduction in the electron
velocity, since this quantity is inversely proportional to the square root of the transport
effective mass. In order to achieve reasonable bandgaps for MOSFET operation under
designed Vps of 0.4 V in this work, nanoribbons with widths of ~4 nm or less are
required. Wider ribbons will give lower bandgap values, which will cause the device to
suffer from band-to-band tunneling and degrade the Ipy/Iorr ratio. In a subsequent study,
we will examine the role of band-to-band tunneling and its impact on the OFF state, but
in this paper, our focus is on the ON-state performance.

We compare the ballistic performance of CNR MOSFETs with W=2.2 nm (E5=0.5 eV)
and W=4.2 nm (E¢=0.32 eV). In order to compare the ON-state performance of the two
devices, and account for the difference in bandgaps, we fixed the OFF-current density to
0.06 pA/um (according to the 90nm node of 2005 ITRS report [15]) by tuning the work
function of the gate electrode for each device. Analytical estimates show that for all
nanoribbons considered in this paper, the leakage current due to band-toband tunneling
will be smaller then the above OFF-current density. Fig. 4(a) shows the simulated
ballistic Ips vs. Vg characteristics for these two devices. For comparison, we also include
the simulated /ps-V characteristics of an idealized, ballistic single-gate silicon MOSFET
at the same operating bias of Vps=0.4 V. We show both logarithmic scale (left axis) and

linear scale (right axis) results in Fig. 4(a) to better illustrate the differences of the
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devices. Due to the perfect gate electrostatics assumed, none of the devices suffer from
DIBL, and the subthreshold swing is close to the ideal value of 60 mV/dec. Fig. 4(b)
shows Ipg vs. Vps for different gate biases for these devices. Both CNR MOSFETs with
W=2.2 nm (square) and W=4.2 nm (circle) demonstrate very good MOSFET ON-state
characteristics and high current values. Compared to an idealized, ballistic single-gate
silicon MOSFET (triangle), these two types of CNR MOSFETs outperform silicon
MOSFETs when operating at the same supply voltage (Vps=0.4 V). For the same OFF-
current density (lore/W), the CNR MOSFETs deliver twice the ON-current densities
(Ion/W) (1300 and 1440 pA/um for W=2.2 nm and W=4.2 nm, respectively) than a
ballistic St MOSFET (Ipxa=680 pnA/um). This performance advantage over Si indicates
that CNR MOSFETs will exhibit a smaller device delay. The lower operating bias for this
type of devices will also allow for smaller power delay products (PDP).

The reason CNR MOSFETs can potentially outperform Si MOSFETs is because of the
higher average velocity of the CNR compared to the average velocity of the ballistic
silicon MOSFET. The current of ballistic devices can be evaluated=bs as the product of
the average velocity times the number of carriers evaluated at the top of the barrier. Fig. 5
evaluates these two quantities. Fig. 5(a) shows the average velocity vs. gate voltage of the
two CNR MOSFETs with W=2.2 nm (square) and 4.2 nm (circle), and of the Si
MOSFET (triangle) at Vps=0.4 V. The narrow (W=2.2 nm) and the wide (W=4.2 nm)
CNR MOSFETs have 2 and 4 times, respectively, higher average velocities than the Si
MOSFET. The differences in average velocities result from the different effective masses
of the devices. The effective masses of the CNRs are m*=0.11m, and m*=0.08m, for

W=2.2 nm and W=4.2 nm, respectively, where m, stands for the free electron mass. On
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the other hand, the electron effective mass on the conduction band of silicon is
m*=0.19m,. Fig. 5(b) shows the mobile charge per unit area in the channel versus V; for
these three devices. At the same gate bias, the Si MOSFET has higher mobile charge
density than the CNR MOSFETs because of its larger quantum capacitance, which
however is not high enough to compensate for the much higher velocities of the CNR
MOSFETs. As a result, CNRs can provide higher ON-current densities in FET-like
devices. Similarly, we study why the 4.2 nm width CNR MOSFET provides a slightly
larger ON-current density than the 2.2 nm width one. Fig. 3(a) shows that the #=4.2 nm
has lighter effective mass, and therefore higher injection velocity as shown in Fig. 5(a).
Although the mobile charge density in the 2.2 nm width CNR MOSFET is higher than
that of the 4.2 nm one, it is not enough to compensate its reduced injection velocity

compared to the wider ribbon.

IV. CONCLUSION

In this study, we investigated the upper limit performance of CNR MOSFETs using a
nearest-neighbor TB method for bandstructure calculation and a ballistic “top-of-the-
barrier” model. We found that the bandstructure and consequently the electronic
properties of carbon nanoribbons are a strong function of their transport orientation and
their width quantization. Although several fabrication challenges must be addressed in
synthesizing single carbon layer devices with well controlled widths and building these
specific size CNRs in parallel to reach desired operation current, these types of devices
could be an alternative to the carbon nanotube technology which currently faces serious

chirality control challenges. Semiconducting CNR MOSFETs have potential applications
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as digital switches if widths of a few nanometers can be achieved in order to provide a
large sufficient bandgap. Wider CNRs gives very small bandgaps and may be suitable for
high power applications only, their narrow bandgap will enhance band-to-band tunneling
and increased subthreshold leakage current. Our ballistic MOSFET calculations show
that based on bandstructure alone, CNRs should be able to outperform silicon MOSFETs

in terms of drive current capabilities by over 100%.
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FIGURE CAPTIONS

Fig. 1: (a) and (d) the atomic structure of armchair and zigzag carbon nanoribbon,
respectively. The nanoribbon is characterized by its transport direction and specified by
n, the number of atoms in transverse direction. The unit cell is shown by the dashed
rectangle for each case. Hydrogen atoms are assumed to bond with all carbon atoms at
the edge in order to eliminate surface states contributed by o states. (b) The electronic
structure of armchair CNR with Inm width (N=9), which shows semiconducting
behavior. (¢) The electronic structure of armchair CNR with 0.9nm width (N=8), which
shows semi-metallic behavior. (e¢) The electronic structure of zigzag CNR with 1nm
width (N=10), which shows semi-metallic property. (f) The electronic structure of zigzag

CNR with 0.9nm width (N=9), which shows localized states in the bandgap.

Fig. 2: (a) The top-of-barrier ballistic MOSFET model. The charge on the top of the
barrier and the ballistic current is calculated by the positive and negative going fluxes
injected from the source and the drain respectively. (b) A schematic diagram of the
simulated carbon nanoribbon MOSFETs. The source and drain are assumed to be heavily

doped nanoribbon contacts while the channel is intrinsic. The oxide thickness is 1.1nm.

(c) Top view of (b).

Fig. 3: Bandgap and effective mass dependence on the width of CNRs. Due to quantum
confinement effects, the bandgap (left vertical axis) and effective mass of the 1* subband

(right vertical axis) of armchair CNR increase as the width of armchair CNR decreases.
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Here my stands for the free electron mass. Values of width are discrete, the curves used
only to guide the eye.

Fig. 4: (a) The ballistic current-density vs. gate bias (V) of 2.2nm width (square), 4.2nm
width (circle) CNR MOSFETs, and Silicon MOSFET (triangle) devices. Both log scale
(left axis) and linear scale (right axis) are presented. The simulations are performed at the
same OFF-current (/pr=0.06pA/um) for all cases. (b) The Ip-Vps characteristics of the

three types of MOSFETsS for Vg varied from 0OV to 0.4V in steps of 0.2V.

Fig. 5: (a) The average carrier velocity vs. Vg at Vps=0.4 V for the planar CNR
MOSFETs with W=2.2nm (square) and 4.2nm (circle), and a Si planar MOSFET
(triangle). (b) The mobile charge in the channel of MOSFETs vs. Vg at Vps=0.4 V for

the three types of devices.
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