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Abstract—An analytical model is developed for the carrier
density in MOSFET-like carbon nanotube field-effect transistors
in terms of surface potential. This model is based on
approximating the density of states with delta function in
addition to a constant value. The model has a continuous
derivative and contains two fitting parameters, which are
determined by best fitting with numerical results. The fitting
parameters are found to depend on the subband minima and this
dependence is modeled by simple quadrature formula. The model
is compared to two previous analytical models with numerical
results are taken as a reference and found to have less relative
error. In addition, the drain current is extracted using the
proposed model at various bias values. The results for current
are verified by comparison with self-consistent numerical results
of FETToy simulator available on the NanoHub.
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I. INTRODUCTION

Downscaling of MOS transistors has reached its physical
limits due to the degradation of device performance as a result
of increasing leakage currents, and excessive short channel
effects [1]. The Industry Technology Roadmap for
Semiconductors (ITRS) has predicted that in the nanometer
range, the CMOS devices will encounter substantial difficulties
in terms of physical phenomena and technology limitations [2].
Carbon nanotube Field-Effect Transistors (CNFETs) are one of
the emerging alternatives that have attracted significant
attention, owing to their excellent electrical, mechanical and
optoelectronic properties [3]. One of the advantages of Carbon
Nanotube FETs are the high mobility of charge carriers and the
potential to minimize the subthreshold swing (i.e., minimize
the short channel effects) [2]. CNFETs have large mean-free-
path lengths (several hundred nanometers), consequently, the
transport in such devices for typical lengths is essentially
ballistic [4]. It is projected that CNFET circuits can enable 5
times speed-up at the same power consumption over Si CMOS
at the 11 nm technology node [5]. Therefore, according to
ITRS, CNFETs are expected to replace Silicon FETs in the
nano-scale by the year 2015 [6].

According to the device operation mechanism, CNFETs
can be either Schottky Barrier (SB) controlled FETs or
MOSFET-like FETs [6]. In SB-CNFETs, channel current is
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Figure 1. Energy band diagram along the channel of MOSFET-like
CNFET with V=0, and V5> 0.

controlled by modulating the width of Schottky barrier formed
between source/drain metal contacts and CNT channel. On the
other hand, in MOSFET-like CNFETs, this control is made, as
conventional MOSFETs, by modulating the height of the
source-to-channel barrier. Some efforts have been made to
explore the device characteristics of both types using either
numerical simulation [3, 7, 8] or compact modeling [9-15].
This paper presents a surface potential-based compact model
for the carrier density in ballistic MOSFET-like CNFETs. The
model leads to the calculation of surface potential at the top of
the channel barrier, and channel current for a wide range of
drain and gate biases, and for various tube diameters. The
model is verified by comparing results with those of FETToy
numerical simulator available at the NanoHub [8].

In Section II, the theory of ballistic 1D CNFETs is
presented. The proposed model is explained in Section III, and
finally results and discussion is given in Section IV.

II.  THEORY OF BALLISTIC 1D CNFET

In this section, we explain the transport theory of ballistic
CNFETs following the methodology given in [16]. Figure 1
shows the distribution of the conduction band minimum along
the channel for an arbitrary subband. Without any gate bias (Vg
= 0), there is a barrier to electron transport from source to
drain. The height of this barrier relative to the midgap energy
E,q 1s referred as the subband minimum A4,, where p is a suffix
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refers to the order of the subband. 4, is usually modeled as [9,
12, 14],

2 (_1\P
A = B2=3=CD)
4
= Eg/2, and Eg is the bandgap energy.

0))

Where A,

Applying a gate bias Vg > 0, this barrier will be lowered by
an amount equals to the surface hole potential at the top of the
barrier, ¥. So, we can write,

E,=A, -V, )

With the assumption of ballistic transport over the barrier
(no scattering), all +k states at the source will reach the drain
and all —k states at the drain will reach the source. Moreover,
with neglecting the tunneling through the barrier, the current
will be determined only by how source and drain fill the states
above E,,.

The carrier density at the top of the barrier ncy is found by
summing +k states at source and —k states at the drain at energy
levels above E,, for all subbands. If D(E) is the nanotube
density of states and A(F) is the Fermi-Dirac distribution
function, ncy can be written as,

N =ZI¥[J‘(E —pts)+f (E — ) |dE 3)

D(FE) is divided by 2 because at both source and drain we
consider only the states in one direction. D(E) is given by [4, 7,
9],

(E—-E,u)
JE-E, ) -A
Where D, = 8/3ntccacc, tcc is carbon-carbon(C-C) bonding
energy (=3 eV), acc is C-C bonding distance (= 0.142 nm), E,;y

= E,, — 4,, is the midgap energy. It should be noted from (2)
and (3) that ncy depends on ¥ through £,

D(E)=D,

“)

From (3), we can see that ncy is the sum of integrations of
the form,

= [ 28 -y )

Where i = S for source, and D for drain. By replacing E by
E'+ E,,, and defining the parameter &;, as

l/ls _Ap+llli

S = k,T

(6)

where kg is Boltzmann constant and 7 is the temperature, the
integration in (5) can be written as,
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Further simplification can be made by defining the

parameterz = /(E '+ A, ) - A; , SO We can write,

o

D(E)/D,
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Figure 2. Relative density of states D(E) in the first two subbands
for a nanotube of diameter d =2 nm.
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where Ny = DokpT/2.

On the other hand, the device electrostatics is modeled as in
[16] using three model capacitances: C; , Cp, and Cg
representing channel-to-gate, channel -to-drain, and channel-to-
source capacitances, respectively. Accordingly, the surface
potential is related to the carrier density through,

nO) /Clol (9)
CplCipt , 05 =

v, =0, +a),+ol s —q(ng —
with C,y = Co + Cp + Cs, ag = Ci/Ciop, ap =
Cy/Cyy, and ny is the carrier density at zero bias.

The transport properties of the device can be determined by
the numerical solution of (8) and (9) self-consistently [8] to
find y and ncgy. Once Y is found, the drain current can be
evaluated using [9-11],

b= gln[l + exp(zfsp )] - ln[l + eXp(fgp )} (10)

where &, , &p, are &, defined by (6) evaluated at source and
drain, respectively.

III. PROPOSED MODEL

Our proposed model is based on finding an approximate
formula for the density of states D(FE) given in (4) that enables
analytical solution of the integration in (7). The variation of
D(E) according to (4) is shown in Figure. 2 for a nanotube of
diameter d = 2 nm in the first two subbands. It is noted that at
energies very close to the subband minimum £, D(E) is
extremely large, while at energies far above E,,, it approaches a

constant value D,. Consequently, we can put D(E)
approximately as,
D(E)=24D,0(E -E_)+BD, (11)

where J(F) is the delta function, 4 and B are fitting parameters.
Now n;, defined by (5) can be evaluated analytically to yield,
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Figure 3. Carrier density integration n;, versus the parameter &, for A
= 1.5 ¢V which may correspond to the 5™ subband in a tube of
diameter d =2 nm.
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A and B are found by fitting (12) with results of numerical
integration given in (8). Since n;, depends only on &, and 4,, 4
and B are expected to depend only on the subband minimum A
(we omit here the subscript p because it is the value of A that
determines A4 and B regardless of the subband order). The
dependence of 4 and B with A can be modeled by,

A =-0.02A° +0.14A +0.035 (13)

B =-0.03A*+0.3A+0.5 a4)

Figure 3 shows the variation of n,; versus &, for both
positive and negative values of &, calculated by (12), (13), and
(14) with A= 1.5 eV. It should be noted that at large positive
values of ¢, the expression in (12) approaches a linear
variation, c¢; + ¢, &, while at large negative values of &, it
approaches exponential variation c¢; exp($,). This leads
typically to the same equations of the discrete model proposed
by Raychowdhury [9] separately for positive and negative
values of &;,. While the model of Raychowdhury (referred here
as Model #1) has discontinuous derivative at &, = 0, the new
proposed model given here has not. Moreover, Model #1 is
limited to 4 < 0.5 eV [9], while the proposed model can be
applied up to 4 =3 eV which covers all the possible used tube
diameters up to four subbands. So, the new proposed model is
not limited to V5 < 500 mV, but rather valid for larger values of
V. Some other model (referred here as Model #2) was given
[11, 17], which wused interpolation function to remove
discontinuity in Model #1 but on the expense of giving up
some of model accuracy. Comparison of the proposed model
and the previous two models will be shown in the next section.
The continuity of the model leads to a compact model for
quantum capacitance (derivative of charge with potential).

IV. RESULTS AND DISCUSSION

A comparison between the value of n,, of the proposed
model and that of numerical integration is given in Fig. 4 for
two values of 4 (0.25 and 0.5 eV) with the results of the two
previous models are also shown. The values of A4 are chosen to
be not more than 0.5 eV which is the range of validity of the
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Figure 4. Carrier density integration n;, versus the parameter &, for (a) 4
= 0.25 eV and (b) 4 = 0.5 eV. Results are given using the proposed
model compared with previous models with numerical results as a
reference.
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Figure 5. Relative error norm in n;, calculation using proposed model
(squares), Model #1 (triangles), and Model #2 (circles). The largest error
happens at A= 0.5 eV and equals 3.5% for the proposed model.

previous models [9]. The range of ¢, includes negative and
positive values between —30 and 30. To assess the accuracy of
the proposed model we define d,,,,, as the ratio of the norm of
the error along the whole range of &, to the norm of n;, values
calculated numerically. &, is shown in Fig. 5 for different
values of 4 from 0.2 eV to 0.5 eV. The greatest error norm in
this range is at 4 = 0.5 eV and equals 3.5% for the proposed
model. For the other two models, it is 18.1% for Model #1 and
21.7% for Model #2. If we consider only the first subband, the
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Figure 6. Carrier density integration n;, versus the parameter &,
calculated by both numerical integration (markers) and proposed model
(solid line), for A=1,2 and A=3 eV.

above range of A (0.2 — 0.5 eV) will span all diameters between
0.84 and 2.1 nm, which may be practically adequate. However,
for higher values of Vs where the higher subbands are
important, 4 may be up to 3 eV. A comparison between
proposed model and numerical results is shown in Fig. 6, but
now for values of A exceeding 0.5 eV (1, 2, and 3 eV). The
relative norm error, 0, is 4%, 4.5%, and 4.8% for A= 1, 2,
and 3 eV, respectively.

The model equation (12) can be used with (9) to solve for
the carrier density integration 7;, and the surface potential .
Hence, the carrier density at the top of the barrier ncy is found
by summing #,,, and the drain current /;, could be found using
(10). The results are, then, compared to FETToy simulator [8]
available on the NanoHub. The gate-insulator thickness is
chosen as 1.5 nm, and the model capacitances Cg, Cp, and Cs
used in (9) are chosen such that the parameters a; = 0.88 and
op = 0.035. Four subbands are considered in the solution. In
Fig. 7, the total carrier density ncy is plotted versus the gate
bias Vi at Vp = 0.1 V for three different diameters 1.02, 2.19,
and 3.13 nm. Markers represent FETToy results while solid
lines represent model results. It is noted from the figure that
good agreement with FETToy is maintained for a large range
of Vg up to 2V. The Ip -V characteristics evaluated using
model is compared with FETToy simulator and shown in Fig.
8. The tube diameter is chosen as d = 1.96 nm. The dependence
of Ip on the drain bias V) is weak, especially for Vg < 1V. I -
Vp characteristics are shown in Fig. 9 for the same diameter
and for V;=02,04, ..., 1 V.

V. CONCLUSION

A physics-based analytical model is proposed for the carrier
density in MOSFET-like Carbon Nanotube Field-Effect
Transistors (CNFETs). The model has continuous derivative
and contains two fitting parameters. The results of the model
are compared with two previous analytical models taking the
numerical results as a reference. Less relative error norm (up to
3.5% compared to 18.1 and 21.7% for previous models) and
larger range of validity (up to 3 eV subband minimum
compared to 0.5 eV for previous models) are recorded for the
proposed model. By extending the range of validity to 3 eV, the
model can take more subbands into consideration for most
practical tube diameters. Furthermore, Ip -V; and Ip -Vp
characteristics are calculated using the model and verified by
comparing with FETToy simulator results.

. . -1
Carrier density, n N [m™]

10 I I

(1] 0.5 1
A

Figure 7. Total carrier density at the top of the barrier ncy versus gate
bias for three different tube diameters d = 1.02, 2.19 and 3.13 nm.
Markers represent FETToy simulator results while solid lines
represent proposed model results. V) is fixed at 0.1V.
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Figure 8. Ip - Vs characteristics calculated by FETToy simulator
(markers) and proposed model (solid line), for V» = 0.2 and 0.4 V.
The diameter is chosen to be 1.96 nm.
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Figure 9. Ip - Vp characteristics calculated by FETToy simulator
(markers) and proposed model (solid line), for V5=10.2,04, ... ,1 V.
The diameter is chosen to be 1.96 nm.
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