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The scaling behavior of carbon nanotube (CNT)-organic semiconductor heterojunction enabled
vertical field effect transistors are comprehensively examined by two-dimensional consistent device
simulations. Tunneling current is modeled by introducing tunneling induced carrier generation into
the current continuity equation. Modulation of both the CNT-semiconductor Shottky barrier height
and thickness are examined. The tunneling current and thermionic current dominate at on-state and
off-state, respectively. Barrier height modulation plays an important role and improves the on-off
current ratio and sub-threshold swing considerably. Small diameter CNT is preferred for enhancing
the gate control on the CNT-channel barrier height. Reducing the effective gate oxide thickness by
either a thin oxide or a high-j gate insulator gives improvement of device performance, but the
former one works more efficiently. The channel length and CNT spacing should be carefully
engineered due to the trade-off between device characteristics in the sub-threshold and aboveC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4811295]
threshold region. V
I. INTRODUCTION
1

Thin film-transistors (TFTs) play an important role in
various technologies such as display and solar cell technologies. The organic semiconductor material based TFTs have
been vigorously investigated for over two decades in an
effort to allow for flexible displays and low-temperature,
low-cost processing.2–5 Since the performance of organic
TFTs is limited by its low carrier mobility,2,6 a planar organic TFT should be fabricated by patterning the source and
the drain in close proximity for a short channel length, thus
leading to cost of high resolution lithography.
Recently, vertical organic TFTs, in which the gate,
source, channel, and drain are vertically stacked, have been
demonstrated using either a thin metal film or a carbon nanotube (CNT) film as a source electrode.7–10 CNT films have
been wildly investigated for its applications by forming
Schottky junction,11–14 like transistor, solar cell, etc. The
schematic structure of CNT-enabled vertical organic field
effect transistor (OFET) is shown in Fig. 1(a). The CNT thin
film forms a dilute source electrode on a gate insulator. A
thin organic semiconductor is deposited onto the CNT film
as the channel. The CNT film is well above the percolation
threshold to act as the source electrode,15,16 and meanwhile
it is sufficiently dilute to allow the gate electric field to penetrate through to modulate the CNT-channel Schottky barrier
and the band profile in organic layer. A significant operational difference between the vertical OFET compared to the
horizontal one is that the former is a tunneling device. Thus,
modulation of the CNT-channel Schottky barrier height due
to the low density of states of CNTs plays an important role
in determining both tunneling and thermionic currents to
characterize the device performance. These differences in
the operational mechanisms and device structure make the
commonly applied scaling laws and optimization methodologies for horizontal field effect transistors inapplicable.
0021-8979/2013/113(23)/234501/8/$30.00

Hence, device modeling and numerical simulation
are necessary to elucidate device physics and scaling principles for the vertical OFET in order to optimize device
performance.
In this paper, a comprehensive computational study on
the scaling behaviors of CNT-enabled vertical OFETs is presented. Tunneling current is investigated by introducing a
tunneling induced carrier generation rate into the continuity
equation. The drift-diffusion transport equation coupled with
the continuity equation is self-consistently solved with
Poisson equation for the two-dimensional cross section of
the vertical OFET. The Schottky barrier height modulation is
also taken into account for its importance to both tunneling
current and thermionic current. The tunneling current and
thermionic current are evaluated separately showing that the
tunneling current is dominant for the on-state while the
thermionic current is dominant for the off-state. The scaling
characteristics of CNT diameter, channel length, CNT spacing, and gate insulator thickness are explored. The roles of
the insulator permittivity and channel carrier mobility are
investigated as well. Multiple single-walled carbon nanotubes (SWNTs) in a bundle acting as the source contact are
also examined.
II. SIMULATION APPROACH

A schematic device structure is presented in Fig. 1(a),
for which the gate, oxide, source, channel, and drain are vertically deposited.8,9 The CNT thin film, which acts as the carrier source, needs to be dilute enough to allow the gate
electric field to penetrate into the organic channel region.
Since the CNT thin film is dilute, we make the following
assumptions to simplify the modeling, with the device structure shown in Fig. 1(b). (i) The CNTs in actual devices are
bundles of CNTs but these are modeled as a single metallic
CNT given a diameter of 5 nm (the average bundle diameter
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Jp ¼ qplp rV  qDp rp;

(2)

@p
1
¼  rJp þ GT ¼ 0;
@t
q

(3)

where Jp is the hole current density, lp is the hole mobility,
Dp is the hole diffusion coefficient, respectively. The recombination rate is set to zero. GT is incorporated to account for
tunneling induced carrier generation.
To capture the details of the tunneling currents, we use
the meshing method shown as Fig. 2(a) to get the transport
path. It should be noticed that each tunneling path as shown
in Fig. 2(a) can have different potential profiles if the metallic CNT is gated by a planar gate. For each tunneling path as
schematically shown in Fig. 2(b), the tunneling current density is calculated and converted to an equivalent carrier generation rate. All tunneling paths are calculated, resulting in
equivalent carrier generation rates dependent on the position
in the 2D plane as shown in Fig. 2(a). Starting from the
Landau’s formula, we get for the tunneling current (note the
lower integration limit which goes only to the top of the
barrier),
2q
JT ¼
h

1
ð

CðeÞ½f2D ðe  Em Þ  f2D ðe  Fp Þde

(4)

/b

FIG. 1. (a) Schematic structure of a vertical heterojunction field effect transistor. Gate, source, channel, and drain are vertically stacked up. Dilute
enough, percolating carbon nanotube (CNT) network, which forms the
source electrode, allows gate electric field to penetrate into the channel
region. (b) Cross-section of the simulated device structure.

with

observed experimentally), which acts as the carrier source.
(ii) Periodic boundary conditions are used to set the left and
right boundaries. (iii) The device is uniform in the CNT
length direction. The nominal device parameters are listed as
follows. The metallic CNT diameter is DCNT ¼ 5 nm, and
only one CNT exists within a neighboring distance of
200 nm in the horizontal direction. The thickness of the
active organic semiconductor layer, which is the channel
length, is 300 nm. The channel organic semiconductor has a
mobility of l ¼ 1.5  104 m2/Vs and a relative dielectric
constant of ech ¼ 6. A 20 nm thick insulator layer with a relative dielectric constant of eox ¼ 4 is used as gate insulator.
The voltages applied to the source and drain are Vs ¼ 0, Vd
¼ 1 V, respectively. The above parameters are nominal,
and are varied to explore scaling characteristics.
The device shown as Fig. 1(b) can be characterized by
solving the two-dimensional drift-diffusion equation selfconsistently with Poisson equation. Due to the p-type unipolar conduction of the device, the electron conduction is
neglected.8 The Poisson equation is expressed as follows:
r  ðer rVÞ ¼

q
p;
e0

(1)

where p is the hole density, V is the voltage, and er and e0 are
the relative dielectric constant and vacuum permittivity,
respectively. The drift-diffusion equation and continuity
equation are as follows:

FIG. 2. (a) Local mesh around CNT to get transport path. (b) Details for a
certain transport path.
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m c kB T
ln½1 þ expðe=kB TÞ;
2ph2

(5)

where h, C, mc , kB , T, Em , Fp are Planck’s constant, transmission coefficient for hole, hole effective mass, Boltzmann
constant, temperature, Fermi level of CNT, and hole quasiFermi level in channel, respectively. The position dependent
tunneling induced carrier generation is obtained by using an
approach similar to that in Ref. 17,
1
d J~T ~
•E
GT ðrÞ ¼ r • J~T ¼
de
q
q
¼ EC½f2D ðe  Em Þ  f2D ðe  Fp Þ
h
2

3
e  Em
61 þ exp k T 7
A T
6
 B 7
¼
ECln6
7;
e  Fp 5
4
kB
1 þ exp
kB T

(6)

where A , E are Richardson constant and electric field,
respectively. C is obtained using the WKB method,
2
3
ðr pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2
2mc ð/b  Ev ðxÞ þ Em Þdx7
CðrÞ ¼ exp6
4
5: (7)
h
0

After the position dependent tunneling induced carrier
generation for each tunneling path is obtained, we map all
generation rate to the 2D grid in which Eqs. (1)–(3) are
solved self-consistently.
Similarly, we get the thermionic current by changing the
integration interval of Eq. (4) and setting transmission coefficient to be 1,

JTE

2q
¼
h

/
ðb

½f2D ðe  Em Þ  f2D ðe  Fp Þde
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3
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6
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6
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4
kB
1
þ
exp
1
kB T
/
ðb



(8)

Since the drift-diffusion equation already considers the
thermionic current. So, we do not need to transfer thermionic
current into generation rate and couple it to Eq. (3). The use
of this thermionic current is to separate the tunneling component and the thermionic component from the total drain current. For example, the thermionic component of the total
drain current can be written as
Jd;TE ¼

JTE
Jd
JTE þ JT

(9)

where Jd is the drain current which is got after Eqs. (1)–(3)
self-consistently solved.
The Schottky barrier formed between the metallic CNT
contact and the active channel is different from the conventional metal-semiconductor contacts. First, due to lack of

covalent bonding between the fully passivated CNT surface
atoms and the active layer, the density of interface states18
and the effect of Fermi level pining is significantly reduced.
Second, the work function of the CNT, which is the difference between the Fermi level and the vacuum level, can be
modulated by the gate voltage due to the low quasi-1D
density-of-states (DOS), resulting in a Schottky barrier height
modulation.8 The switching characteristics of the vertical
OFET originates from the combined effects of modulating
the Schottky barrier height and the barrier width.
We use the same method as proposed in Ref. 8 to capture the behavior of CNT-channel Schottky barrier modulation, in which the potential profile of the CNT source is
determined by the self-consistent electrostatics between the
Poisson equation and the equilibrium carrier statistics in the
CNT with the source Fermi energy level. The density of
states of metallic CNTs is taken into consideration to get the
charge density and model the Schottky barrier modulation.
After the barrier height as a function of applied gate voltage
is obtained, we use this barrier height as an input to set the
boundary conditions for the Poisson and drift-diffusion equations. For device simulation, the drift-diffusion equation and
current continuity equation with tunneling induced carrier
generation are solved by using the Scharfetter-Gummel discritization19 self-consistently with the Poisson equation
using the finite volume method.20 The current is computed
once the self-consistency is achieved.
III. RESULTS AND DISCUSSIONS

We first investigate barrier height modulation as shown
in Fig. 3(a). The potential barrier for holes decreases as the
applied gate voltage decreases, but tends to saturate due to
the screening effect of a high hole density around CNT. Fig.
3(b) presents the valance band profile around the CNT along
y axis at x ¼ 0 for different gate voltage. As we can see,
both the barrier height and barrier thickness are modulated
by gate voltage. The potential barrier is lower and thinner for
negative gate voltage than for positive voltage. Thus, a much
larger current is expected for negative gate voltage due to
the low and thin potential barrier.
The important role of the barrier height modulation on
the current is examined next. Fig. 4(a) compares the Jd-Vg
curve for the case with and without barrier height modulation. The case without barrier height modulation can be
viewed as a type of conventional vertical field effect transistor (VFET), which uses metal as the source contact. For both
cases, the barrier height at Vg ¼ 0 is set to be 0.5 eV. The difference is that one has modulated barrier height as a function
of gate voltage as shown in Fig. 3(a), while the other has barrier height fixed at 0.5 eV. A larger on-current is obtained for
the case with barrier height modulation compared to that
without barrier height modulation due to lower barrier height
for negative gate voltage. Furthermore, a smaller off-current
is also obtained due to higher barrier height for positive gate
voltage. Thus, with barrier height modulation taken into consideration, both on-current and sub-threshold swing can be
improved. It should be noted here all the Jd-Vg curves after
Fig. 4(a) are with barrier height modulation. Compared to
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FIG. 3. (a) Hole barrier height as a function of applied gate voltage. (b)
Vacuum energy level shifted by ionization energy of the channel material
with respect to the source Fermi level along the vertical direction y at x ¼ 0
at the on state of Vg ¼ 2 V and off state of Vg ¼ 1 V for the modeled device structure as shown in Fig. 1(b). This shows valence band level in the
channel region (y > 5 nm), and the difference between shifted vacuum level
and Fermi level in the source electrode (CNT) region (0 < y < 5 nm). Since
the source Fermi level is set at 0, the absolute value of energy level in the
CNT region shows the barrier height for holes. The applied drain voltage is
Vd¼1 V. For the off state, the high and thick barrier results in large
resistance.

experimental results,9 the on-current magnitude is about two
orders higher because of the relatively high mobility used in
the simulation. Effect of the carrier mobility will also be discussed later.
Next, we break the total current into the tunneling and
thermionic emission components as shown in Fig. 4(b) to
elucidate their respective contributions to the device operation. Due to the saturating modulation of the barrier height
with decreasing gate voltage, the thermionic component
tends to saturate, while the tunneling component becomes
dominant. The latter continues to supply increasing current
due to the band profile modulation in the channel region
which makes the barrier thinner and thinner. The tunneling
current thus dominates in the device on-state. The thermionic
component dominates in the sub-threshold region where the
increasing positive gate voltage makes a very thick and high
barrier which tends to kill the tunneling component.
Thermionic emission thus dominates in the device off-state.
Figure 5 shows the device scaling for changing the CNT
diameter. A smaller CNT (or bundle) diameter gets a higher

J. Appl. Phys. 113, 234501 (2013)

FIG. 4. (a) Jd-Vg curves for vertical OFET with/without consideration of
barrier height modulation (BHM). (b) Tunneling, thermionic current component as a function of applied gate voltage. The applied voltages for source
and drain are Vs ¼ 0, Vd ¼ 1 V, respectively.

on-current and a better sub-threshold swing as shown in
Fig. 5(a). This phenomenon can be explained by Fig. 5(b)
which shows the modulated barrier height as a function of
gate voltage for each CNT diameter shown in Fig. 5(a). The
Schottky barrier for device with large CNT diameter is inertia to be tuned due to the large density of states caused by
smaller subband spacings and self electrostatic screening
caused by a larger CNT diameter.
The gate oxide capacitance can be increased either by
reducing the physical oxide thickness or using a high-j
dielectric. To compare these two approaches, Fig. 6(a) shows
Jd-Vg curves for oxide with different permittivity but the
same thickness, while Fig. 6(b) presents Jd-Vg curves for oxide with different thickness but the same permittivity.
Qualitatively speaking, both increasing oxide permittivity
and decreasing oxide thickness increase the capacitance
between gate and channel, and the capacitance between gate
and CNT. This makes the band profile in the channel and the
CNT-channel barrier height more controllable by the gate
voltage. Thus, a preferable on-current and sub-threshold
swing is obtained by large oxide permittivity and small oxide
thickness.
To better understand the difference of the two oxide
scaling methodologies as discussed above, we compare them
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FIG. 5. Scaling of CNT diameter: (a) Jd-Vg curves for vertical OFETs with
different CNT diameters. (b) Barrier height for devices with different CNT
diameters as a function of applied gate voltage.

in Fig. 7. The on-current is plotted as a function of the ratio
between oxide relative permittivity and oxide thickness,
which is defined as inverse effective gate oxide thickness,
eox =tox , by varying either the gate oxide thickness or the gate
oxide dielectric constant. The on-current is selected at Vg
¼ 2.5 V. As the effective gate oxide thickness decreases by
either reducing the oxide thickness or using a high-j gate insulator, the sub-threshold swing decreases and on-current
increases, leading to a better transistor performance.
However, the performance gain achieved by using a thinner
gate oxide is not equivalently achieved by using a high-j
gate insulator with the same effective gate insulator thickness, which is defined as tef f ¼ tox =eox , for the vertical FET
If the on-current is limited by tunneling through a Schottky
barrier, reducing the oxide thickness is more effective for
improving Ion compared to using a high-j material, because
the Schottky barrier (SB) thickness is more sensitive to tox than
1/j.21 Reducing the oxide thickness gives better improvement,
which is preferred if no significant gate leakage current occurs
due to carrier tunneling through thin gate oxide.
The mobility of the organic active layer can vary by
orders of magnitude, depending on the choice of channel material.2,6 Fig. 8 presents Jd-Vg characteristics for different

J. Appl. Phys. 113, 234501 (2013)

FIG. 6. Scaling of oxide: (a) Jd-Vg curves for different oxide permittivity
with fixed oxide thickness 20 nm. (b) Jd-Vg curves for different oxide thickness with fixed relative oxide permittivity 4.

mobility values. The mobility has direct effect on the oncurrent. However, the mobility has a less significant effect
on the off-current since the large, thick gate voltage induced
barrier controls the off state, largely independent of the mobility. In general, high mobility maximizes the on-current,

FIG. 7. Comparison of two different oxide scaling methodologies. One is to
vary oxide permittivity with fixed oxide thickness. The other is to vary oxide
thickness with fixed oxide permittivity.
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FIG. 8. Effect of channel mobility: Jd-Vg curves with different mobility of
the active channel layer.

thus improves on-off current ratio. Hence, large channel mobility is desired.
The effect of channel length scaling on the device characteristics is explored in Fig. 9. A shorter channel length is
beneficial in terms of on-current because it reduces the channel resistance in the diffusive transport regime. A short channel length, however, increases the sub-threshold swing at the
same time, because a shorter channel length increases the
electrostatic coupling between the drain and the organic
channel close to the source, and therefore, leading to an electrostatic short channel effect. Design of the channel length
for the intended application is therefore useful to achieve a
trade-off between the above-threshold characteristics and the
sub-threshold characteristics.
The spacing between each SWNT in horizontal direction
is investigated in Fig. 10. Fig. 10(a) shows the barrier height
for different spacing (S) as a function of gate voltage. For
the off-state, barrier height modulation becomes inertia due
to screening from adjacent nanotube. However, barrier
height modulation does not degrade too much for on-state
because the large screening from channel inversion layer is

FIG. 10. Effect of SWNT spacing. (a) Barrier height modulation as a function of applied gate voltage for different SWNT spacing (S). (b) Jd-Vg
curves for different SWNT spacing. (c) Plot of Jd against CNT spacing for
different gate voltage.

FIG. 9. Effect of channel length scaling: Jd-Vg curves for different channel
length.

dominant. Fig. 10(b) shows the Jd-Vg curve for different
spacing. Sub-threshold characteristics degrade for small
spacing as expected from the barrier height for off-state in
Fig. 10(a). Fig. 10(c) presents relation between Jd and CNT
spacing for different gate voltage. At first, the on-state current increases as the spacing decreases due to more CNTs
per unit area. But the current doesn’t increase as fast as the
number of CNT per unit area because of the screening from
adjacent CNTs which affects Schottky barrier height and
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indicates smaller SB height lowering at the on-state for a
larger number of metallic SWNTs in the bundle.
IV. CONCLUSIONS

A computational model that captures both SB height
and thickness modulation, as well as both the tunneling and
thermionic emission current components were developed to
model CNT-semiconductor heterojunction vertical transistors. The simulation results indicate significantly different
scaling behaviors compared to conventional horizontal
FETs. The tunneling component dominates the on-state,
while the thermionic component dominates the off-state.
Modulation of the barrier height significantly enhances the
on-off current ratio in addition to the modulation of barrier
thickness. A small CNT diameter or bundle thickness is preferred for device optimization because the small diameter
CNT makes the CNT-channel barrier height more controllable due to low density of states. Reducing the effective gate
oxide thickness by either a thinner gate oxide thickness or a
high-j gate insulator improves both the on-current and subthreshold swing. Higher mobility channel materials are beneficial. A thinner oxide, however, works more efficiently.
Large CNT spacing gives better sub-threshold swing. An optimum CNT spacing gives largest on-current. Channel length
was found to be important due to a tradeoff between a higher
on-current (thin channels) and larger sub-threshold swing
(thicker channels).
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electric field or even make the gate lose control of channel
region. Simulation result shows the largest on-current happen around spacing 75 nm. In general, the spacing between
adjacent CNTs gives a tradeoff between on current and subthreshold swing for relatively sparse CNT network. For
dense network, the gate will lose control of channel, both the
on-current and sub-threshold swing are degraded.
In experiment, the average diameter of the SWNT bundles is about 5 nm. In above simulations, the CNT source contact is modeled as an individual SWNT for simplicity. We
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bundle with a diameter of 5 nm as shown in Fig. 11. Here, we
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of states than single SWNT. In Fig. 11(a), the qualitative
behavior of barrier height modulation remains the same but
the barrier height modulation becomes weaker due to a larger
density of states in the source contact contributed by multiple
metallic SWNTs. For comparison, the band profiles with
same applied voltage are also presented in Fig. 11(b), which
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