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Abstract—Recent experimental investigations of sub-10 nm car-
bon nanotube (CNT) field-effect transistors (FETS) promote CNT
based 1D-electronics as a candidate for a future aggressively
scaled transistor technology. However, the ballistic transport
within the 1D semiconducting CNT channel is largely determined
by charge injection from the contacts rendering reliable theoreti-
cal predictions of the transistor performance difficult. Based on a
simplified heterojunction like contact model, we demonstrate by
solving the Schrodinger-Poisson equations that aggressive scaling
will rely on a careful balance between two components of the
injected charges, one responsible for the formation of near-
contact barriers and the other carrying the current. Excellent
electrostatic gate control (e.g. employing thin gate oxides) may
then enable transistor scaling until the onset of direct source-
drain tunneling.

Index Terms—CNTFET, 1D-electronics, Schrodinger equation,
quantum transport, subthreshold slope, short channel

I. INTRODUCTION

Carbon nanotubes (CNTs) belong to a group of materials
confining the current to one spatial dimension (1D) and thus
offering exceptional unique intrinsic properties such as long
mean free paths, high current carrying capability, high carrier
velocity (up to 1 x 108cms™!) and predicted THz perfor-
mance [1]-[3]. Typical short channel effects as known from
conventional silicon-based bulk MOSFETSs are not expected for
ultra-low-scaled CNTFETs. Along with their thermal rugged-
ness, CNTFETs are therefore very interesting for digital ap-
plications. However, a reliable fabrication method (especially
in terms of reproducibility and intentional tube placement) of
single-tube short-channel CNTFETs is very challenging and,
so far, many problems are not solved. Thus, simulation based
studies are needed, to improve the device understanding and to
support the technology development. An overview on CNTFET
technology can be found in [4].

Recently, experimental results for a 9 nm long CNTFET were
published demonstrating excellent performance [5], which
disprove for short channel CNTFETs two theoretical claims
[6], [7]: (i) the drain current will not saturate due to drain-
induced barrier lowering (DIBL) and (ii) the subthreshold
slope (STHS) increases significantly for channel lengths below
15nm due to a very high charge injection from the contacts
into the channel. In [8] and [5] the discrepancy between the
theoretical claims and the experimental results was explained
with fringing fields from the gate that modulate the near-
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contact potential barriers in the experiments. In [5] it is argued
that the modulation by the fringing fields effectively lengthens
the channel while [8] explains this behavior by using top
contacts instead of embedded contacts leading to a better gate
control of the contact regions.

In this paper, the impact of the metal-CNT interface and the
tube portion underneath the metal (i.e. the contact region)
on the charge injection and, thus, on the overall transistor
behavior is investigated. Especially, the second claim about
the scaling behavior of the STHS is studied. By adjusting the
model parameters describing the charge injection, a very good
agreement between the experimental and the simulation results
were obtained, thus providing an alternative explanation for the
excellent scaling behavior of the sub-10 nm long CNTFET.

II. MODEL

A wide range of simulation approaches have been uti-
lized for analyzing the properties and performance of CNT-
FETs, ranging from atomistic first-principles methods [9] over
Schrodinger-Poisson [3], [7] and Boltzmann transport equation
[10], [11] solvers to compact models (see e.g. [12] for an
overview).

Of major concern in all simulation approaches is the treat-
ment of the regions from where the charge carriers are injected
into the channel (see [13] for an overview). In CNTFETSs
the carrier injection is significantly affected by the coupling
strength between the contact metals and the CNT in the contact
regions [14]. Chemical bonding between the contact metal
atoms and the CNT atoms can alter the CNT band structure
considerably [9] leading to a potential step at the interface
between the contact regions and the channel (uncoated CNT
portion) (see Fig. 1). We claim that the transition from the
metal-coated tube portion to the uncoated tube portion can
then be modeled as a heterojunction (see Fig. 1(b)) [3].

The potential step AE + $g, at the interface implies that
the wave functions of contact electrons with energies within
the channel band gap will only weakly leak from the contact
into the channel (similar to metal-induced gap states (MIGS))
(see Fig. 3). However, since the effective mass in CNTs is very
low, the tunneling length is high leading to a significant carrier
density concentrated nearby the contact regions. Considering
the overall electrostatics, potential barriers close to the ends
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Fig. 1: (a) Schematic of the metal-CNT contact region and (b)
band profile of the heterojunction in this region.

of the channel are formed in addition to the inherent potential
step. Moreover, the channel length (i. e. the separation of the
source and drain contact) determines the electrostatics and
thus the bias-dependence of these barriers which suggests a
noteworthy channel length dependence of the specific device
figures of merit such as the STHS.

Although very valuable per se, a semi-classical approach
with ohmic contacts (e.g. [15]) or even with Schottky-like
contacts (e.g. [11]) can not elucidate and quantify the im-
pact of metal-induced gap states on the behavior of short-
channel CNTFETs since charge injection into the band gap
is not possible within a semi-classical approach. Therefore,
for the simulations in this paper, an in-house effective-mass
Schrodinger-Poisson solver (CO0S) [3] is used together with
a heterojunction-based contact model [16] which allows to
change the coupling strength and the height of the potential
step at the interface between the contact regions and the
channel. The simulation boundaries for the Poisson and the
Schrodinger equation are set directly at the interfaces between
the metal-coated and uncoated tube portion in the source
and drain contact region (see Fig. 1(a)). For simplicity, the
barrier at this interface is called Schottky barrier. The boundary
conditions for the Poisson equation are set according to [17].
Note that we treat charge injection into the band gap as part
of the self-consistency loop of charge and electrical potential
calculation.

Low contact transparency due to insufficient wetting and
additional carrier reflections at the bulk metal to CNT interface
are likely to be bias independent and may be taken into account
as series resistance or as constant current scaling [16].

III. APPLICATION

Fig. 2 compares the measured transfer characteristic of a
9nm long CNTFET [5] with predicted characteristics simu-
lated with the Schrodinger-Poisson solver COOS after adjust-
ing the charge-injection parameters, the channel length and
the tube diameter. All other parameters are identical to the
structure described in [5]. The contact parameters (see [3] for
an explanation) are E, .g = 0.4eV, m:/d/mo = 0.4 and
Oy, = 0.15eV and the tube diameter equals 1.1nm. For
this parameter set, the best agreement with the experimental
results was obtained for a channel length of 10 nm (instead of
9nm in the experiment and 14nm for the simulation results

160

shown in [5]). The slightly longer channel employed in the
simulation seems plausible since the potential barriers at the
ends of the channel will extend slightly into the contact regions
which is not considered in the approach described here. (Note
that the claimed STHS of 94mV dec™! in [5] could not be
verified for the experimental data given in [5]. Instead, a value
of around 115mV dec ™! was extracted from the experimental
results along the studies for this paper.)
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Fig. 2: Comparison between experimental results [5] of a

9nm long CNTFET and simulation results for various channel
lengths and Vg = —0.4 V.
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The valence band along the channel for the 10nm long
CNTFET is shown in Fig. 3(a) for Vgs = —0.4V and several
Ves. Obviously, even for negative gate voltages, the top of the
source-sided potential barrier is above the nominal Schottky
barrier of 0.15eV due to the carrier leaking into the channel
band gap. Fig. 3(b) shows the contour plot of the energy-
dependent hole spectrum P injected from the source contact
region for Vg = —0.25 V. According to this figure the peak
of the carrier concentration injected from the source contact
region remains nearby the source and within the band gap. For
the carriers injected from the drain region (not shown here), the
related carrier concentration reaches its maximum also close
to the contact region from where the carriers originate. The
peaks at the ends of the channel lead to the aforementioned
potential barriers.

Since COOS solves the effective-mass Schrodinger equation
for calculating the charges and the current, the underlying
band structure is parabolic which can lead to effective carrier
velocities above the Fermi velocity v¢ which in turn may lead
to unrealistic results. Indeed, as shown in Fig. 4, the energy-
dependent effective velocity V;f o Of the carriers P injected
from the source contact region
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ey
can exceed the Fermi velocity vg (I;r is the related hole current
injected from the source contact region). However, for the
shown bias point, the velocity excess does not impact the
current and charge calculation since it is outside of the relevant
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Fig. 3: a) Valence band profile for several gate voltages (Vg =
0.375, 0.125, —0.25 and —0.875V) and V35 = —0.4V and b)
contour plot of the energy-dependent hole density P in units
of cm~'eV~! for Vs = —0.25V and V4 = —0.4V. The
red curves in the contact regions show the Fermi function at
300K.

charge and current energy intervals (see Fig. 3). Thus, non-
parabolic effects are not important for the investigated device
figures of merit in this paper.
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Fig. 4: Contour plot of the energy-dependent effective velocity
Vp o along the channel for Vg = —0.25V and Vg = —0.4 V.

Fig. 5(a) shows the channel length (I.,) dependence of the
STHS for various gate oxide thicknesses t.x. For very short
tubes below 7nm direct tunneling between source and drain

significantly contributes to the current leading to a very high
STHS. Between 7nm and 15nm the STHS depends on the
thickness of the barrier which changes with the tube length
and above 15nm the shape of the barrier is bias independent
for the relevant gate voltages and the STHS is determined by
the amount of current flowing above the barrier under the gate.
Since this barrier is fixed by the electrostatics of the device,
the STHS approaches the thermionic limit for devices with a
very good channel control albeit the magnitude of the current
is low since it must tunnel through the bias-independent near-
contact barrier.

Fig. 5(b) confirms the impact of the device electrostatics
on the device behavior. The thinner the gate oxide, the lower
is the STHS of the device. The theoretical predictions of the
STHS suggest that the negative impact of near-contact barriers
may be partially suppressed by excellent gate control paving
the way to very short channel devices.

Interestingly, the nominal value of the Schottky barrier
height (as defined in Fig. 1(b)) does not influence the scaling
behavior significantly. Fig. 5(c) shows the related simulation
results for various nominal barrier heights and two different
oxide thicknesses. This observation emphasizes the importance
of the barriers formed by the injected charges. Thus, a balance
between the amount of carriers which leak into the channel
band gap and which are responsible for the near-contact
barriers and the total amount of current flowing through the
device must be found. This balance depends considerably
on the details of the fabrication process and the materials
employed for the contact formation.

In addition, the simulation study also confirms that the
neglect of the tube charge for the calculation of the STHS as
proposed in [18] does not correctly capture scaling behavior
since near-contact barriers cannot be formed without charges.

Further simulations for various drain-voltages not shown
here reveal two additional interesting observations. The log-
arithmically scaled transfer characteristic as shown in Fig. 2
is shifted along the gate voltage axis if the drain voltage is
changed. The observation is also verified by the experimental
results in [5]. The amount of the shift crucially depends on the
overall electrostatics (i.e. on the source-drain separation and
the gate oxide). For short channels and a relatively thick oxide,
the impact of the drain potential on the potential barrier nearby
the source contact region is high leading to a significant shift
of the logarithmic scaled transfer characteristic towards higher
gate voltages. The impact of the drain voltage on the source-
sided potential barrier (i.e. on the current flow dominating
barrier) is also known as drain-induced barrier lowering.
However, the here observed DIBL does not imply a lack of
current saturation (a claim referenced in the introduction which
we could not confirm) since the STHS is evaluated for positive
and small negative voltages whereas the output characteristic
is evaluated for high negative voltages which fix the shape of
the source-sided potential barrier in the energy interval relevant
for charge injection.
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Fig. 5: Subthreshold slope S for (a) various channel lengths,
(b) several oxide thicknesses and (c¢) different Schottky barrier
heights. The STHS in these figures was extracted for Vg = 0V
and Vg = —0.4V.

IV. CONCLUSION

The STHS in short channel CNTFETs is found to be deter-
mined by tunneling phenomena through near-contact barriers
instead of the thermionic current above the barriers. Since
these barriers depend on the charge injection, i. e. the coupling
strengths and the Schottky barrier height, the STHS is sensitive
to changes of these parameters which must be modeled with
care. For predictive modeling, however, a direct link between
the parameters of the heterojunction contact model and more
rigor atomistic simulations needs to be established.

In addition to an optimized contact, a well-balanced elec-
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trostatics is needed to get reasonable values for the STHS for
very short CNTFET channels.
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