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A simple drain current model for single-walled carbon nanotube network
thin-film transistors

Eiichi Sanoa) and Tomo Tanaka
Research Center for Integrated Quantum Electronics, Hokkaido University, Sapporo 060-8628, Japan

(Received 9 December 2013; accepted 8 April 2014; published online 17 April 2014)

Single-walled carbon nanotube (CNT) network thin-film transistors (TFTs) are attractive owing to

their simple, low-cost fabrication methods. However, the detailed operation mechanism for TFTs is

still unclear. In this paper, we present a simple model for the drain current of CNT network TFTs

operated in the linear region. The model is based on the gate electrostatics and the continuity

condition of the currents through CNT and CNT-CNT tunnel junction. The model is evaluated by

comparing its calculations to experimentally measured drain current and low frequency (1/f) noise

parameters. Even though the present model is based on simplified assumptions, it provides useful

information to improve the TFT performance. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4871775]

I. INTRODUCTION

Carbon nanotubes (CNTs) have been attracting much

attention due to wide application areas thanks to their excel-

lent electric, mechanical, and thermal properties.1 Among

the properties, the unique one-dimensional conduction and

extremely high carrier mobility in single-walled (SW) CNTs

make them a candidate material for future field-effect

transistors (FETs) beyond silicon complementary metal-

oxide-semiconductor (CMOS) technology.2,3 However, the

precise control of fabricating CNTs with an appropriate

chirality and placing individual CNTs on a substrate remains

unsolved. CNT networks have been explored as an alterna-

tive solution for transistor channels.4–12 Although CNT

network thin-film transistors (TFTs) are outperformed by

individual CNT FETs, they provide a simple and low-cost

fabrication method with “writing” transistors by an inkjet

printer.7 Small-scaled integrated circuits with p-channel con-

figuration11 as well as an complementary inverter5 have been

successfully fabricated.

Usual CNT networks are random networks composed of

metallic and semiconducting CNTs. The performance of

CNT TFTs strongly depends on the network topology. For

example, a conduction path composed of metallic CNTs

increases the leakage current and degrades the current

ON/OFF ratio. The relationship between network topology

and TFT performance such as percolation conduction and

ON/OFF ratio has been extensively investigated both experi-

mentally and theoretically.6,8–10 However, the resistance val-

ues measured for CNT-CNT junctions13 were used in these

Monte Carlo simulations. Despite the network complexity,

the drain current-voltage curves for CNT TFTs are very sim-

ilar to those for silicon MOSFETs. The “effective mobility”

leff for CNT TFTs has been derived on the basis of

MOSFET theory, gm ¼ W
L lef f COXðVGS � VthÞVDS (gm: trans-

conductance, W: gate width, L: gate length, COX: gate capaci-

tance per unit area, VGS: gate voltage, VDS: drain voltage,

and Vth: threshold voltage). The reasons for the similarity

and the factor determining the effective mobility are still

unclear. The detailed operation mechanism for CNT TFTs

must be clarified to improve their performances.

In this paper, we present a simple drain current model

for CNT network TFTs. The model is based on the gate elec-

trostatics and the continuity condition of the currents through

CNT and CNT-CNT tunnel junction. The linear region in the

drain current is focused on, but the saturation region is out of

the scope of this paper. The formulae are presented for

n-channel TFTs. The model is evaluated by comparing the

calculations with experimentally measured drain current and

low frequency (1/f) noise parameter. The temperature

assumed here is 300 K.

II. MODEL

A. CNT

Since CNTs may be either semiconducting (S) or metal-

lic (M) depending on their chirality, the feasible combina-

tions of CNT-CNT junctions in a conduction path are S-S,

M-M, and M-S. Among them, M-S junction has much larger

resistance than M-M and S-S junctions,13 and the contribu-

tion of M-S junction on the current conduction is negligibly

small compared with those of other junctions. To reduce the

leakage current, formation of a metallic path should be

avoided. This may be achieved by carefully using semicon-

ducting CNT solution with purity of 98% or 99%. Therefore,

only S-S junction is taken into account in our model.

Although CNTs with different chirality are included in a

CNT TFT, we assumed that all the CNTs are equivalent and

are the zigzag type with chiral index of (m, 0) to simplify

the model calculation. Note that the integer m not n in usual

chiral index of (n, m) is used to avoid misunderstanding

because n will be used for the electron density below. The

density of states is given by2,14

DðEÞ ¼
X

i

8

3paC�Ct

Effiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2 � E2

i

p hðE� EiÞ; (1)
a)Electronic mail: esano@rciqe.hokudai.ac.jp
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with

Ei ¼
3aC�Ct

d
i� 2m

3

����
����; (2)

where aC-C is the C-C bond length (0.144 nm), t is the transfer

integral (�3 eV), d is the diameter of CNT (¼
ffiffiffi
3
p

maC�C=p),

and h is the step function. The electron density is given by

nðEf Þ ¼
ð1

0

DðEÞ
2

f ðE� Ef ÞdE: (3)

Here, the energy E and Fermi energy Ef are measured from

the middle of the bandgap. Figure 1 shows the calculated elec-

tron density as a function of Ef where m¼ 20 and d¼ 1.57 nm.

B. Modulation of potential difference between crossed
two CNTs

The potential difference between crossed two CNTs can

change with the gate voltage in a TFT. The modulation of

the potential difference with the gate voltage was investi-

gated by numerically solving a three-dimensional Poisson

equation. To simplify the calculation, the CNT was treated

as a solid square column instead of a real hollow cylinder,

and the electron density in the Poisson equation was calcu-

lated with (3). Since the electron density depends on the

potential, the Poisson equation was self-consistently solved.

The Fermi energy Ef was assumed to be 0. Figure 2(a) shows

an example of the cross-sectional view of potential distribu-

tion calculated for orthogonally crossed CNTs (indicated by

the dotted lines). The gate SiO2 thickness tOX (distance from

the gate electrode to the upper CNT) was 10 nm, while the

distance between the lower CNT and the ground plane was

200 nm. The distance between the two CNTs was 0.4 nm.

The change in the potential difference between the two

CNTs with the gate voltage is shown in Fig. 2(b). In this

case, the potential difference was approximated by

Vgap ¼ 0:022VGS. We assumed that the potential difference

between the two CNTs depended on the average gate electric

field (VGS/tOX) and was given by

Vgap ¼ 0:22
VGS

tOX
; (4)

where tOX is in the unit of nm. The potential drop in the

lower CNT might have been caused by the boundary condi-

tions in which its left end was grounded, the other end was

open, and both ends of the upper CNT were open. In an

actual TFT, the Fermi energy difference between the two

CNTs in a current path may be small and the potential differ-

ence may be smaller than these calculations. Despite this

presumption, the above relationship (4) was used not to rule

out the effect of the potential difference modulation by the

gate voltage on the drain current.

C. Tunnel current between two CNTs

The CNT-CNT junctions in the CNT network may be

the bottleneck of the current path from drain to source in a

TFT. The tunnel current between two CNTs is given by

IT ¼
2e

h

ð1
0

TðEÞ fLðE� Ef LÞ � fRðE� Ef RÞ
� �

dE; (5)

where e is the elementary charge, h is the Planck’s constant,

fL(R) is the Fermi function, the subscripts L and R mean the

left and right CNTs, and T(E) is the transmission coefficient

through the barrier between the two CNTs. The transmission

coefficient is approximated asFIG. 1. Electron density as a function of Ef. Insets: Density-of-states (DoS).

FIG. 2. (a) Cross-sectional view of potential distribution calculated for

orthogonally crossed CNTs and (b) calculated potential difference as a func-

tion of the gate voltage. One end of the bottom CNT was grounded. The

dotted lines indicate the outlines of model CNTs.

154507-2 E. Sano and T. Tanaka J. Appl. Phys. 115, 154507 (2014)

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

133.87.175.68 On: Thu, 21 Aug 2014 00:56:10



TðEÞ ¼ exp½�2LB

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m�ð/B � EÞ

p
=�h�; (6)

where LB is the barrier width (distance between the two

CNTs), m* is the effective mass of electron, and /B is the bar-

rier height. Although the WKB (Wrentzel-Kramers-Brillouin)

method used here would not be only for the CNT-CNT junc-

tion, our interest was to evaluate the method to see if it repro-

duces measured tunnel currents and junction resistances.

Figure 3 compares measured13 and calculated tunnel current.

In the calculation, /B¼ 4.8 eV (work function of SWCNT15),

m*¼ 0.25m0 (m0: mass of free electron), Ef¼ 0.35 eV (meas-

ured from the midgap), and LB¼ 0.31 nm.16 Note that the

Fermi energy of 0.35 eV corresponds to the hole conduction

in CNTs when Au or Pd is used for electrodes. The calculated

tunnel current agreed with that measured by Fuhrer et al.13

Nirmalraj et al.17 and Znidarsic et al.18 measured the junction

resistances of 98 kX–2.7 MX and 29–532 kX, respectively, for

SWCNTs and SWCNT bundles. The former reported that the

junction resistance increased as the diameters of SWCNTs or

bundles increased, while the latter reported the opposite

dependence. Figure 4 shows the junction resistance calculated

by (5) and (6) with Ef of 0.35 eV for zigzag-type semiconduct-

ing CNTs (from CNT1 to CNT2). When CNT1 has a larger

diameter than CNT2 (d1> d2), the electrons with energy

lower than the conduction-band edge of CNT2 are prohibited

from tunnelling and the junction resistance is high. When d1

becomes smaller, the energy difference between the Fermi

energy and the conduction-band edge becomes larger and so

does the junction resistance. The calculations showed that the

junction resistance decreased as the diameters of CNTs

increased. The calculated resistance ranged from 370 kX to

1.98 MX for the SWCNTs with d of 1.1–2.0 nm. Although the

chirality might differ from those of SWCNTs used in the

experiments, the present model well reproduced the measured

junction resistances. The calculations predicted that the junc-

tions between two CNTs with similar energy bandgaps are

dominant even if CNTs with a variety of chirality are included

in CNT networks.

Figure 5 shows a schematic diagram of the cross section

along a current path. When a positive gate-source voltage

VGS and drain-source voltage VDS are applied, the junctions

between CNTs a and b and CNTs b and c have different

potential distributions. The upper CNTs a and c have lower

electron energy than the lower CNT b, while the Fermi

energy Ef gradually decreases toward the drain. In the case

of the junction between CNTs b and c, the tunnel current is

independent of the energy difference between CNTs b and c.

On the other hand, the tunnel current between CNTs a and b
depends on the energy difference because the electron with

energy lower than the lowest energy level [given by (2)] of

CNT b cannot tunnel from CNTs a to b. Figure 6 shows the

calculated tunnel current versus Fermi energy characteristics

as a function of the energy difference between two CNTs

Egap (left–right). As the absolute value of Egap increases, the

amount of the electrons inhibited from tunneling increases

and the tunnel current decreases. The calculated results sug-

gested that a current ON/OFF ratio of more than 104, which

has been observed in CNT TFTs, cannot be achieved only by

changing the energy difference between two CNTs, Egap,

with the gate voltage and that the variation in the difference

between the “surface potential” and the Femi energy with

changing the gate voltage has a strong influence.

FIG. 3. Comparison between measured13 and calculated tunnel current.

FIG. 4. Junction resistance between two CNTs with different diameters.

FIG. 5. Schematic diagram of cross section along a current path and electron

energy distributions around the junctions a-b and b-c.
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D. Gate electrostatics

The gradual channel approximation and the charge neu-

trality condition were used in our model. The charge neutral-

ity condition for a CNT in a current path leads to

CGSðVGS � VFB � /SÞ ¼ e nðEf Þ � pðEf Þ
� �

; (7)

where VFB is the flat-band voltage, /S is the surface potential

(¼the midgap energy of CNT), n(Ef) is the electron density

given by (3), and p(Ef) is the hole density similarly calcu-

lated by (3). CGS is the gate capacitance given by

CGS ¼ ðC�1
q þ C�1

OXÞ
�1; (8)

where Cq is the quantum capacitance of CNT and COX is the

gate oxide capacitance. The gate oxide capacitance for an

individual CNT is approximated by

COXi ¼
2peOXe0

lnðtOX=dÞ ; (9)

where eOX is the relative permittivity of the oxide, e0 is the

permittivity of vacuum, tOX is the oxide thickness, and d is

the diameter of the CNT. Since individual CNTs and/or CNT

bundles are located randomly in a CNT network, the actual

value of the gate oxide capacitance may differ greatly from

the value calculated by (9). The gate oxide capacitance for a

CNT bundle was estimated with a simple model. Figure 7

shows a cross-sectional view of the CNT bundle model. All

the CNTs are assumed to have an identical diameter and to

be closely coupled to form a bundle with l CNTs on the line

passing through the center of the bundle circle. The gate ox-

ide capacitance for the bundle, Cbundle, was calculated by (9)

by replacing d with the diameter of the bundle. When two

bundles A and B, schematically shown in Fig. 7, form a junc-

tion in a current path, however, the tunnel current between

only two nearest CNTs (indicated by solid circles) may be

dominant. Since the amount of the electric flux lines termi-

nating at the half circle of the dominant CNT in the bundle is

approximately 1/(2l) times the total amount of the electric

flux lines terminating at the circumference of the bundle, the

gate oxide capacitance for the dominant CNT is approxi-

mated by Cbundle/(2l). Dispersing individual CNTs in a solu-

tion is quite difficult, and CNTs tend to form bundles with

sizes of 10–25 nm even if a surfactant is used.19–21 These

sizes correspond to l of more than 10.

Another factor to be considered is a possible situation in

which multiple CNTs and/or CNT bundles coexist in the net-

work but not all of them contribute to the current conduction.

The capacitance for the CNT contributing to current conduc-

tion is difficult to calculate exactly due to the randomness of

the CNT network. Here, we estimated the effect of multiple

CNT bundles by using the capacitance of a CNT array. The

capacitance of a CNT array with a density of D is given by22

Carray ¼
2peOXe0D

ln
sinhð2ptOXDÞ

pdD=2

� � : (10)

When D0 CNTs contribute to the current conduction, a factor

of D0/D is multiplied to (10) for calculating the gate capaci-

tance. In addition, eOX in (10) should be replaced by

(eOXþ 1)/2 for the bottom-gate configuration in which the

CNTs are exposed to the air. When d¼ 1.57 nm, l¼ 10,

D¼ 8 lm�1, and D0 ¼ 1 lm�1, the gate capacitance for the

dominant CNT in such a bundle was 86 times smaller than

that for an individual CNT. Therefore, the gate capacitance

was calculated by

COX ¼ COXi=a; (11)

by introducing a fitting parameter a.

E. Drain current

Figure 8 shows the current paths in a TFT modeled here. It

was assumed that the source and drain contacts were ohmic

and there were k equivalent current paths each having the num-

ber of CNT bundles approximated by 2
ffiffiffi
2
p

L=LCNTð� nCÞ.
Here, L is the gate length of the TFT and LCNT is the length of

CNT bundle. The factor of 2
ffiffiffi
2
p

comes from the geometrical

assumption of orthogonally crossed CNT bundles shown in

Fig. 8.

All the CNT bundles and junctions between the bundles

were assumed to be equivalent. The voltage drop in each

FIG. 6. Calculated tunnel current versus Fermi energy characteristics as a

function of the energy difference between two CNTs Egap. The Fermi energy

difference DEf is kept constant.

FIG. 7. Cross-sectional view of the CNT bundle model.
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CNT bundle VCNT and the Fermi energy difference between

the two CNT bundles DEf must satisfy

nCVCNT þ ðnC � 1ÞDEf ¼ VDS: (12)

The current through each CNT bundle is expressed by

ICNT ¼
VCNT

LCNT=2
lCGSðVGS � VFB � /SÞ; (13)

where l is the electron mobility and the surface potential /S

is determined by the charge neutrality condition (7) in which

the Fermi energy Ef is assumed to be equal to that in the

source (¼ 0). To satisfy the current-continuity condition, the

current ICNT must equal the tunnel current through the junc-

tion, IT, calculated by (5) with DEf ¼ EfL�EfR. By self-

consistently solving all the equations described above, the

drain current IDS can be obtained as kICNT (¼kIT).

III. EVALUATION OF MODEL

To evaluate the present model, we fabricated bottom-

gate SWCNT network TFTs on a SiO2/Si substrate, where a

200-nm SiO2 and a Si substrate operated, respectively, as the

gate oxide and gate. The TFT channel was formed by repeat-

ing 10 cycles of spin-coating SWCNT solution with a semi-

conducting CNT purity of 99% (NanoIntegris, Inc., median

value of length¼ 1 lm and diameter¼ 1.2–1.7 nm) and wash-

ing to remove the surfactant. Pt/Pd was used as the source

and drain electrodes. The Atomic Force Microscope (AFM)

observations revealed that the diameters of CNT bundles

ranged from 5.6 to 22.5 nm and that the bundle density was

about 17 lm�2. The fabricated TFTs exhibited p-channel

characteristics. The details of the fabrication method and

TFT characteristics will be published elsewhere.23

A. Drain current

In the experiments, the drain currents for the fabricated

TFTs gradually changed with time, which might have been

caused by hole trapping. When the drain current was meas-

ured with sweeping VGS, hysteresis phenomena were

observed. To avoid the hole trapping effects, the gate voltage

was manually changed. A TFT with typical characteristics

was used to evaluate the model. The “effective mobility”

was extracted by using

gm ¼
W

L
CGS;platelef f jVDSj; (14)

where CGS, plate is the gate capacitance calculated with a

parallel-plate approximation (¼ eOXe0=tOX). In (14), VDS is

the applied drain voltage. The extracted leff was about 1

cm2/V/s.

In the calculations, the gate modulation of the potential

difference between two CNTs given by (4) was used with

taking into account of the difference in the gate oxide thick-

nesses and gate voltages for the experiments and the three-

dimensional analysis described in Section II B. The potential

distribution shown on the left-hand side of Fig. 5 was used.

Figure 9 compares measured and calculated IDS-VGS

characteristics for a TFT with a gate length L of 10 lm and

width W of 50 lm. The parameters used in the calculation

were as follows: LCNT¼ 1.0 lm, d¼ 1.49 nm (m¼ 19),

VFB¼�20 V, a¼ 155, and k¼ 55. The other parameters

were the same as those described above. McEuen et al.
reported the SWCNT mobility in the region of 1000–10 000

cm2/V/s.24 In Fig. 9, the solid and dotted lines were, respec-

tively, calculated using l¼ 1000 and 10 000 cm2/V/s. The

two lines were coincident. When l¼ 1000 cm2/V/s, the volt-

age drop in each CNT bundle VCNT was 17 mV. On the other

hand, VCNT was 1.7 mV when l¼ 10 000 cm2/V/s. This

suggested that the drain current was mainly determined by

the current through the CNT-CNT junction. The used k of

55 means that a current path of 1.1 lm�1 was formed. The

AFM measurements suggested that there were �10 CNT

bundles/lm when observed in the channel width direction. If

one CNT bundle out of 10 contributed to the current conduc-

tion, D0 and D described in Sec. II were 1 and 10, respec-

tively. These gave a value close to 155 for the fitting

parameter a. A good agreement between measured and cal-

culated characteristics was obtained except in the VGS region

close to VFB. When VGS¼VFB, n¼ p� 2 � 103, which is

4-order smaller than the hole density p at VGS of �40 V,

resulting in 4-order smaller IDS. Extending the model to the

subthreshold region remains for future work. The experimen-

tal “effective mobility” was extracted by using the

parallel-plate capacitance and the applied drain voltage.

However, the calculations suggested that these treatments

FIG. 8. Current path model for TFT.

FIG. 9. Comparison between measured and calculated IDS-VGS characteris-

tics for TFT with L¼ 10 lm and W¼ 50 lm.
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were incorrect for TFTs. The ratio of the gate oxide capaci-

tance for the TFT (¼
ffiffiffi
2
p

COXikL=a) to the parallel-plate

capacitance (¼LWCGS, plate) was 1/385. The voltage drop in

the whole CNT bundles was 1/4.2 times the applied drain

voltage in the case of l¼ 1000 cm2/V/s. This resulted in the

small “effective mobility” in the fabricated TFT 1/103 times

the CNT mobility. The comparison gives information useful

for increasing the “effective mobility.” To improve the TFT

performance, the CNTs with similar bandgaps should be

individually and densely dispersed. In addition, the gate

length should be reduced and the number of conduction

paths should be increased while avoiding the formation of a

metallic current path. In these respects, aligned CNTs22 are

effective to increase the mobility though the fabrication

method is rather complicated.

B. Low frequency noise

To evaluate the model, we measured the low frequency

noise in the drain current of the fabricated TFTs.23 The

measured noise power density clearly showed 1/f (f: fre-

quency) and IDS
2 dependencies. Such noise characteristics

are well explained by Hooge’s empirical relation. In accord-

ance with Hooge, the noise power density is given by25

SI ¼ A
I2
DS

f
¼ aH

N

I2
DS

f
; (15)

where N is the number of carriers in the TFT and aH is

Hooge’s empirical constant (�2� 10�3). The aH was

derived from the measured A and calculated N. Figure 10

shows the derived aH for six TFTs (W/L¼ 50/10, 50/20, and

200/50). These values were close to Hooge’s empirical

value.

IV. CONCLUSIONS

We presented a simple model of the drain current in the

linear region for CNT network TFTs. The model was based

on the gate electrostatics and the continuity condition of the

currents through CNT and CNT-CNT tunnel junction. To

evaluate the model, we compared the calculated IDS-VGS

characteristics to those measured for the fabricated TFT. A

good agreement was obtained between measured and calcu-

lated characteristics. In addition, the low frequency (1/f)
noise parameters aH were derived from the measured noise

power densities and the calculated numbers of carriers in

TFTs. The derived aH were close to Hooge’s empirical

value. Even though the present model is based on simplified

assumptions, it provides useful information to improve the

TFT performance.
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