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Abstract

A quasi-static approach is combined with a theory of ballistic nanotransistors to assess the high-frequency
performance potential of carbon-nanotube, field-effect transistors. A simple equivalent circuit, which applies in the
ballistic limit of operation, is developed for the intrinsic device, and then employed to determine the behavior of the
unity-current-gain frequency (fr) with gate voltage. The circuit is shown to reduce to the expected forms in the so-
called “MOS” and “bipolar” limits. The fr is shown to approach a maximum value of vy /27w L ~ 130 GHz/L (um)
at high gate voltage, where v is the nanotube’s Fermi velocity and L is the channel length, and to fall at low gate
voltage due to the presence of source and drain electrostatic capacitances. The impact of the gate electrostatic
capacitance on the fr is also discussed. Numerical simulations on a “MOSFET-like” or “bulk-switched” carbon-

nanotube transistor are shown to support the conclusions.
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I. INTRODUCTION

Carbon-nanotube, field-effect transistors (CNTFETS) have now evolved to a state where an
assessment of their high-frequency potential is essential to help identify their future role in
electronics. Measurements [1]-[3] and initial modeling [4]-[6] are already being undertaken in
this regard.

Frank and Appenzeller [1], [2] used a technique that circumvents the low-current-drive prob-
lem associated with CNTFETS, which are presently incapable of developing sufficient voltage
across the loads presented by conventional high-frequency equipment. They applied a radio-
frequency (RF) signal to the source of a diode-connected transistor, and then examined the
shifted dc response at the drain, where the shift arises from the transistor’s nonlinear current-
voltage behavior. For a fixed RF amplitude, they showed that there was no change in the shifted
dc response up to 250 MHz [1, Fig. 3], and hence demonstrated that the internal frequency re-
sponse is at least this high (i.e, that the carriers can respond); their method was later improved
to show no change in the response up to 580 MHz [2, Fig. 3(b)].

Li et al. [3] measured the microwave reflection coefficient from a load Z; comprised of
a nanotube and a matching circuit. For a semiconducting tube, they found a resonance at
2.6 GHz [3, Fig. 5], which suggested that Z; = 502 at this frequency. Changing the dc gate
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bias on the tube changed the resonance amplitude, and the authors claim that this verifies the
microwave operation of the transistor.

Burke [4], [5] has suggested an RF circuit model for a metallic nanotube, and emphasized the
importance of both quantum capacitance and kinetic inductance. More recently [6], Burke used
a standard formula [6, eq. (10)], along with estimated and measured values for the parameters,
to predict the unity-current-gain frequency (fr) of CNTFETSs. For a one-micron-long device,
he estimates the f to be parasitic dominated to a value around 8 GHz; if the parasitics can be
reduced to negligible values, he estimates the f7 to be given by 80 GHz divided by the tube
length in microns.

Further modeling is needed to definitively characterize the high-frequency potential of CNT-
FETs. Towards this end, in this work, we use a simple, quasi-static approach, together with a
general description of ballistic nanotransistors [7], to develop an equivalent circuit in the bal-
listic limit of operation. The circuit is then employed to determine the ultimate f7 that can be
expected from these devices, and to describe the behavior of f; with gate voltage.

In Section Il of this paper, the model of [7] is combined with the quasi-static assumption
to establish the basic equations describing the time-dependent operation of a ballistic transistor.
These equations are then employed in Section 111 to develop a small-signal equivalent circuit. In
Section 1V, the circuit is used to examine the behavior of the device’s fr with gate voltage, and
the results are supported by numerical simulations presented in Section V. Issues related to the
validity of the modeling approach, such as the reduction of the small-signal equivalent circuit to
the appropriate forms in the so-called “MOS” and “bipolar” limits of operation, are discussed in

Section VI. The conclusions are summarized in Section VII.

I1. QUASI-STATIC APPROACH AND BASIC EQUATIONS

In the “quasi-static” approach to transistor modeling, dynamic behavior is predicted by em-
ploying static equations for charge (or carrier density) and transport current, but with static

voltages replaced by their time-dependent counterparts:

Q<VG7 Vb, VS) - Q[VG(t)v VD(t)v VS(t)] (1)
[(Vg, VD, Vs) — [[Vg(t), VD(t), Vs(t)] (2)
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where @ is charge, I is current, ¢ is time, and Vi, Vp, and Vs are the gate, drain, and source
voltages, respectively.

Referring to Fig. 1, and employing the model developed in [7] with the quasi-static assump-
tion, one can write the following relations for the electron density at the top of the source-channel

energy barrier (located at z = ziop):

W)= [ DEVIE - aVacelt) - Er -+ qVe(t) dE @
w )= [ DEVIE - aVace(t) ~ Ex + Vo0 dE @

where n* refers to the positive-going (source-injected) density; n~ refers to the negative-going
(drain-injected) density; E' is energy; f(F) = 1/[1 + exp(E/kgT)] refers to the equilibrium
Fermi function with £ being Boltzmann’s constant and 7" being temperature; E is the equilib-
rium Fermi level; Vsce = (1/q)(Eceq — Eiop) is the “self-consistent potential” at the top of the
barrier, which can be visualized as 1/q times the distance between the equilibrium conduction-
band edge! Eceq and the band edge under applied voltage Eiop, With ¢ being the magnitude of
the electronic charge; and D(F) is the nanotube’s equilibrium density of states [specified by (28)

below]. Similarly, the following relations for the transport current can also be written:

Fr(t) = I () + I (1) ©)

1) = 5% [ S1B - aVicelt) - Er +aVe(0)] dE ©)

150 = "1 [ 115 — qVece(t) — B + qVo(0)]dE )
Eceq

where h is Planck’s constant, 7 is the net transport current (defined as positive when flowing
from source to drain), and 7. and 7. are the source- and drain-injected components of 7. Here,
we assume only one subband is important for transport, although an extension to multiple sub-
bands can easily be accomplished. On the other hand, the band diagram in Fig. 1 and the model
of [7], and hence the analysis to follow, strictly apply only to “MOSFET-like” CNTFETS [7,

p. 1859]. Such devices, also known as “bulk-switched” CNTFETS, are now being fabricated

1The presence of qVscr in the argument of the Fermi functions, as opposed to the density of states, in (3) and (4), means
that the lower limit of integration must be the position of the conduction-band edge at equilibrium. Alternatively, a change
of variable allows one to rewrite these relations in terms of a shifted density of states, D(E + gVscr), and a lower limit of
integration that is equal to the band edge under applied voltage, Eip = Eceq — ¢Vscr.
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with techniques such as “electrostatic” or chemical doping of the source and drain contact re-
gions [8]-[11]. The idea is to suppress the Schottky barriers at the source and drain contacts,
so that the device operates by “bulk switching” in the channel region, just like a conventional
MOSFET. Vastly improved dc characteristics have been reported for these new devices, com-
pared to the earlier “Schottky-barrier” CNTFETS, where the device operation was controlled by
modulation of the Schottky barriers at the source and drain contacts. In this work, we focus our
attention on the improved MOSFET-like (or bulk-switched) structure in order to get a basic idea
of ultimate performance limits.

Equations (3) and (4) must be solved self-consistently with an electrostatic constraint. As
described in [7], this constraint can be written in terms of gate, source, and drain electrostatic
capacitances, denoted Ccg, C'sg, and Cpg, respectively, the total carrier density N (¢) = n*(t) +

n~(t), the total equilibrium carrier density Ny, and the applied voltages, as follows:

q[N(t) — No| = Cee[Va(t) — Vacr(t)] + Cse[Vis () — Vcr(?)]
+ Cpe|Vp(t) — Vsce(t)]. (8)

Use of (3) and (4) on the left-hand side of (8) then yields an equation for the self-consistent
potential Vsce(¢). By using the change of variable E' = E — Eceq in (3) and (4), with D(E)
specified by (28) below, it can easily be shown that the resulting equation will depend only on
Vb, Vs, and Vg, and on the internal energy difference Ece — Er. With respect to the external
voltages, any one of Vp, Vs, or V; can be chosen as a reference, as long as the other two are
then quoted in terms of this reference; this follows because the device responds only to potential
differences applied between its external terminals. The internal difference Eceq — Er Can be
treated as an input parameter.

To determine the ac behavior, the standard procedure is to assume sinusoidal excitation,
write each time-dependent quantity in (3)—(8) in terms of static (dc or bias) and dynamic (ac
or small-signal) parts, for example, V(t) = V + V exp(jwt), where V refers to the dc value
and V refers to the complex ac amplitude, and then employ Taylor-series expansions to solve
the equations for the ac terminal currents in terms of the ac terminal voltages. A simpler, more
intuitive approach is to develop a small-signal equivalent circuit whose elements depend on the
derivatives of the equations for charge and current with respect to voltage. If the elements are

suitably arranged, then this procedure is equivalent to the mathematical procedure of solving the
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equations. We will follow the equivalent-circuit approach.

I11. EQUIVALENT CIRCUIT FOR A BALLISTIC TRANSISTOR

For small ac signals, the electrostatic constraint specified by (8) can be represented by the
network of Fig. 2(a). From the network, the charge on the outer plates of the electrostatic

capacitors is

gN = Coe[Vi — Vcr] + Ose[Vis — Viscr]
+ CDE[VD - VSCF]- )
Equation (9) can be recognized as the linearized version of (8).

The transport relations (3) and (4) can be differentiated to obtain two transport or “quan-

tum” [12] capacitances:

on™
Cso = 10
on~

It is important to note that the derivatives in (10) and (11) are to be evaluated from (3) and (4)
while neglecting the electrostatic constraint of (8). The capacitors Csg and Cpg hence relate a
change in channel charge to a change in channel potential, based solely on transport consider-
ations. For small ac signals, the capacitive network in Fig. 2(b) thus represents the transport

relations for charge, where
qN = CSQ(‘N/SCF — ‘75) + CDQ(VSCF - VD) (12)

is the charge on the inner plates of the quantum capacitors. Equation (12) is just the sum of the
linearized versions of (3) and (4).

The electrostatic and transport networks of Figs. 2(a) and 2(b) must be connected, and the
appropriate connections are shown in Fig. 2(c). These connections demand that the electrostatics
and transport agree on both the self-consistent potential Vace and the channel charge ¢/N; they
are equivalent to mathematically demanding that (9) and (12) be solved self-consistently.

In analogy to (10) and (11), it is possible to define two transport or “quantum” transconduc-
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tances:

oL
=0 13
o0l (14)

goQ = QW-
Again, the right-hand sides of (13) and (14) are to be computed by differentiating (6) and (7)
while ignoring the constraint imposed by (8). The transconductances gsq and gpg hence charac-
terize the modulation of transport current (as opposed to charge) with channel potential, based
solely on transport considerations. However, since the network of Fig. 2(c) already accounts for
self-consistency between the transport and electrostatics, it is sufficient to complete the small-
signal equivalent circuit by simply adding two dependent current generators gso(Vs — Vacr)
and gDQ(VD — Viaer), @s shown in Fig. 3(a). Straightforward network transformations yield the

alternative form in Fig. 3(b), where

C
Gm = % (9s + 9pq) (15)
%

and

go — (CoetCoo) o (CeetCetls) (16)
CE CE

with Cy, = Cee + Cse + Cpe + Csg + Cpg being the total device capacitance.

IV. UNITY-CURRENT-GAIN FREQUENCY

One measure of the high-frequency potential of a transistor is the extrapolated, common-
source, unity-current-gain frequency, fr. We can compute fr from the circuit of Fig. 3(a)
[or 3(b)] to get an idea of transistor speed in the ballistic limit. However, strictly speaking, the
capacitance values in the circuit are per-unit-length values, and the circuit accounts for charging
effects only at the location of the top of the barrier, i.e,, at z = 2. To get an initial estimate of
the key factors affecting speed, we will simply multiply the capacitances by the channel length
L. If we denote the conduction-band edge under bias at the top of the barrier by Eiqp,, as shown
in Fig. 1, and assume the device is in saturation (i.e., that the gate and drain voltages are large),
then at each point z in the channel, where 2o, < 2 < 20y + L, there should be little charge at
energies below Eiqp, and the charge at energies above Eiq, Will be less than or equal to the value

at z = zqp. Therefore, use of the circuit in Fig. 3(a) with capacitance values multiplied by L
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should overestimate the total channel charge, and hence, if anything, underestimate the ballistic
fr. We will later show that the results are in good agreement with those from two-dimensional
numerical simulation, at least for high-performance structures.

Analysis of the circuit of Fig. 3(a) yields the following result for fr:

= 17
ol TQ + TE (17)

where 7 and 7 are transport (or “quantum”) and electrostatic time constants, respectively, and
are given by
C! C
=L {75‘? - DQ] (18)
9sq + 9pQ
and

(19)

S— {CSE+CDE:| .

9gsq + 9bQ
Alternatively, if the circuit in Fig. 3(b) is employed, one will find that

I gm
2nfr  LCss

where Cgs is the effective input capacitance of the CNTFET, specified by the series combination

(20)

of Cge and (CSE + Cpe + CSQ + CDQ):

CGE(OSE + Cpe + CDQ + CSQ)
Cs

where C's; was specified below (16) as the total device capacitance. However, use of (15) shows

Ces = (21)

that (20) and (21) are equivalent to (17)—(19), which are the relations we will use to examine
the behavior of fr. In doing so, it is useful to note that for operation of the device in saturation,
there is essentially no transport charge from the drain at energies above Eiqp, SO gpg ~ 0 and
Cbo ~ 01in (18) and (19).

The gate electrostatic capacitance C'ce does not explicitly appear in (17)-(19). However,
Cee does impact the fr, and, in particular, its bias dependence, through the bias dependence
of Csg and gso; each of these is found from the derivative of a static charge or current, as
specified in Section Ill, and the static solutions are impacted by Cge through the static part
of (8). Further comments regarding the dependence of fr on Cge will be reserved until the

discussion of Fig. 5(b).
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To interpret 7, it is necessary to introduce the idea of an “ac distribution function.” Under
ballistic transport, forward-going carriers are injected from the source and are governed by the

source Fermi function,
fs(E,t) = fIE — q¢Vacr(t) — EF + qVs(t)). (22)

Under small-signal excitation, fs can be split into static and dynamic parts:

fs(E.1) = fs(E) + fs(E) exp(jwi) (23)
where
fs(E) = f(E — [iar) (24)
and
B = G| calls Vo)
—1 E — [ieff ~ ~
= 4]{;BTseCh2 |: 2ijT :| X C](VS — VSCF) (25)

and we have introduced an “effective Fermi level,” figr = Er + q(Vacr — Vs), seen at the top
of the barrier. Figure 4 shows the shapes of fg(E) and fs(E) versus energy F, assuming a
value of [ig that lies above the equilibrium conduction-band edge. The key point to note is that
whereas fs is a measure of carrier occupancy for static signals, fs measures the perturbation in
the occupancy under small-signal excitation, and is hence a measure of those energy channels
that most effectively carry the ac current.

The time 7, can now be interpreted as an appropriate average over the ac distribution func-
tion fs. Since the carrier velocity is v(E) = (1/h)[dE/dk], and the density of states in the
one-dimensional nanotube system is D(E) = 8/hv(E), the time 7, can be expressed as fol-

lows: ~
_LxCs _ Joew fs(B)L/v(E)] dE

TQ ~ > =
9% S Ts(E)dE

In other words, 7, represents a type of average transit time for carriersinjected from the source.

(26)

Since this average is computed using information (contained in fs) that strictly applies only
at z = zop, Where the velocity of the carriers is the slowest, then at any dc bias, the value

from (26) can be viewed as an upper bound on 7, and the corresponding value 1/277, will
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tend to underestimate the transport (or “quantum”) component of f, a point to which we have
already alluded.
The time 75 is just the charging time for the source and drain electrostatic capacitances when

Vbs = 0 (the condition under which f; is defined); this becomes clear if one explicitly writes

L(Cs + Cpg) _ L(Cs + Cpg) X Vacr _ Qse + Qe

(27)
gSQ VDsgo gSQ X VSCF IT

TE ~

The overall f7 is limited by the larger of 7 and 75, as specified by (17).
Figure 5(a) shows a plot of fr versus gate-bias voltage (taking the source as reference) for a
representative device, computed using the above relations and an equilibrium nanotube density

of states given by [13, eq. (2)]

8

B 37TCLOtE

E_Ecieq—i_A
\/(E_EC,QQ+A)2_A2

D(E) (28)

where aq ~ 1.42 A and ¢ ; &~ 3.0V are the carbon-carbon bonding distance and energy, respec-
tively, and A = tgaq/d is one-half the nanotube’s bandgap with d being the tube’s diameter. The
device is assumed to be a coaxially gated, zigzag nanotube, and to have the following parame-
ter values: equilibrium Fermi level £ located 0.32 eV below the equilibrium conduction-band
edge; a tube diameter d = 1 nm; a gate oxide with a thickness ¢, = 3 nm and a relative dielectric
constant x = 25; and a channel length L = 30 nm. The gate oxide capacitance was computed

from the well-known result for a cylindrical structure,

2T K€

In[(tox +d/2)/(d/2)]

and values Cge = Cox, Csg =~ 0.097Co, and Cpg ~ 0.040Co Were assumed for the purposes of

Cox = (29)

illustration. The drain bias was held fixed at 0.7 V.

As shown in Fig. 5(a), at low gate voltage, fr is limited by the electrostatic time constant
7E; here, Csg,Cpe > Csg and hence fr ~ gso/[27mL(Cse + Cpe)] follows the exponential
dependence of gso 0N V. At high gate voltage, when the source quantum capacitance becomes
sufficiently large, fr takes on the value 1/277g, with 7, specified by the right side of (26). As
the gate voltage is further increased, the self-consistent potential and hence jig both increase,
and fs(E) in (25) becomes nonzero only at energies where v(E) is approximately constant

and equal to the Fermi velocity vx. As a result, 7, approaches the value L/vp, and the fr

May 29, 2005 DRAFT


U of A
Highlight

U of A
Highlight


11

approaches the value vp/27L ~ 130 GHz/L (um); since vp represents the highest attainable
carrier velocity in nanotubes, this value of f7 also represents the maximum that is achievable.
It was mentioned earlier that Cog = Cox can impact the bias dependence of fr. In Fig. 5(b),
we have replotted the fr using a Co value that is five times smaller than that in Fig. 5(a),
with all other parameters unchanged. With a smaller Cy, the gate bias is not as effective in
controlling the self-consistent potential Vscr at the top of the barrier; it takes more gate bias
to create a given Vsce. Referring back to Fig. 4, with a smaller oxide capacitance, this means
that the effective Fermi level jigs = Er + q(Vscr — V) seen at the top of the barrier will
cross the equilibrium conduction-band edge at higher gate-bias voltages. As a result, 7 in (18)
approaches its limiting value of L/vg, and the fr approaches its limiting value of vp/27 L, at
higher gate-bias voltages. This can clearly be seen when comparing parts (a) and (b) of Fig. 5.
Thus, perhaps counterintuitively, a smaller Cox Will cause the fr to approach its peak value at

higher gate-bias voltages.

V. NUMERICAL RESULTS

Given a numerical simulation program that self-consistently solves the transport and Poisson
equations, it is possible to extract the device fr within the quasi-static approximation. In this

case, the result is given by the well-known expression

o[l
where dIp and dQ refer to the changes in static drain-to-source current and gate-electrode
charge, respectively, arising from a small change in gate voltage while the drain voltage is held
fixed (and the source is taken as reference).

For comparison with the analytical results of Section 1V, we numerically simulated a MOS-
FET-like carbon-nanotube transistor. The simulated device has the same structure and param-
eter values used in conjunction with Fig. 5, and employs heavily doped source and drain re-
gions surrounding the channel to form an ideal n-i-n “bulk-switched” device. The metal con-
tacts to the source and drain regions were assumed to be ideal (i.e., without Schottky barriers),
which allowed us to treat the transport semiclassically, and the results were obtained from a

self-consistent, Boltzmann-equation solver under ballistic conditions.
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Figure 6 shows plots of key quantities versus position z along the channel, under static con-
ditions, obtained from the numerical simulation; shown are the band edge under bias Eq(z),
the average carrier velocity vaqg(2), and the carrier density n(z). Interestingly, the band edge
(and hence potential), carrier velocity, and carrier density are all essentially constant along the
channel. This important result can be understood by using the *“gradual-channel approxima-
tion (GCA)” [14, pp. 127-128], [15, pp. 193-194] to obtain an equation for the self-consistent
potential Vscr(2) at each point along the channel. Assuming for simplicity that Coe = Cox and
Cpoe = Cs = 0in (8), and neglecting the drain-injected charge, one can employ the GCA to

equate the electrostatic charge to the transport charge at each point z > zp:

0

Cox[VG — VSCF(Z)] = q/ D[E + QVSCF(Z)]f[E — Er+ qVS] dFE. (31)

Eiop

At high energies, the nanotube density of states becomes approximately constant, corresponding
to a linear E-k relationship. As a result, for points z > ziqp, if we assume Vscr(2) > Vacr(%top),
we can approximate the density of states D[E + ¢Vsce(2)] on the right-hand side of (31) by
a constant value 8/hvg; however, solving (31) for Vacr(2) on the left-hand side then yields a
result that is independent of z. We conclude that the only possible solution of (31) is Vscr(2) ~
Vscr(210p), @and since the potential is independent of z, so must be the carrier velocity and density.
Of course, this result, which has been pointed out and discussed before [16, pp. 4887-4888],
hinges on the validity of the GCA, and two-dimensional electrostatics will cause variations,
especially near the drain end, as illustrated in Fig. 6. Nevertheless, we expect it to be a good
approximation under ballistic transport in high-performance structures, where the gate has good
control over the channel potential.

The constancy of the channel potential implies that the circuit developed in Section Il by
considering only the top of the barrier can continue to be used, provided the capacitances in it are
appropriately interpreted. In a MOSFET-like device, the presence of heavily doped source and
drain regions leads to the formation of pn junctions at the source- and drain-channel interfaces
(where there is heavy band bending in E-(z) in Fig. 6, around z = 10 and 40 nm). Therefore,
there are junction space-charge capacitances, Cs and Cp; these then replace LCse and LCpE.
The quantum capacitances remain, but should account for all the channel charge, and are hence
redefined to equal the integrals of the right sides of (10) and (11) over the entire channel region;

the constancy of the channel potential means that these integrations will approximately equal the
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values from (10) and (11) multiplied by the channel length L. Similarly, the gate electrostatic
capacitance is just LCq. The modified circuit is shown in Fig. 7(a).

Since the circuit topology continues to be valid, we should expect the results for f; from the
numerical simulation to be similar to those from the analytical approach in Fig. 5. This is indeed
the case, as illustrated in Fig. 8. The falloff in f7 at low gate voltages is due to the presence
of Cis and C'p in the MOSFET-like structure, and at high gate voltage, the fr saturates to a
value of approximately vz /2w L, as expected. The nonlinear nature of the f7 curve at low gate
voltage is due to the nonlinear nature of Cs and Cyp, whereas LC'se and LCpe were assumed
constant in the calculations for Fig. 5. In general, Cys and Cyp will affect both the low-voltage
fr falloff as well as the output conductance gy, as specified by (16) with Csg — Cjs/L and
Cpe — Cp/L, and their values must be chosen accordingly if the equivalent circuit is used
to mimic numerical results. Alternatively, one could simply employ the topology of Fig. 7(a),
but use independently chosen values for both the output conductance g, and transconductance
gm, as found, for example, from the slopes of dc current-voltage characteristics, instead of the
values suggested by (15) and (16). In either case, it should be noted that the values of g,, and
go Will be effective values that automatically account for the Landauer contact conductances,
which should hence not be included in the circuit separately; in (15) and (16), the conductances
are contained within gsg and gpg on the right-hand side, and in measurements, information on
the conductances will be embedded in the dc characteristics (and hence the extracted values of

gm and go) seen at the external terminals.

V1. DISCUSSION
A. MOSand Bipolar Limits

The quantum and junction capacitances are not usually considered when characterizing the
intrinsic operation of conventional MOSFETS.

Assuming a large drain voltage such that Coo — 0, and then taking the limit where C'sg —
oo and Cs, Cpp — 0, the channel charge is determined solely by the gate voltage, and the
device is said to operate in the “MOS limit.” In this case, the circuit of Fig. 7(a) reduces to that
in Fig. 7(b), which can be recognized as having the same topology as the usual small-signal
circuit for an intrinsic MOSFET in saturation [14, Figs. 8.17, 8.21]. However, a key difference

exists in the value of capacitance seen between the gate and source terminals. In a conventional
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MOSFET, this value is (2/3) LCo, owing to the ohmic drop along the channel, which causes
varying levels of inversion from source to drain [15, pp. 240-255]. On the other hand, in a
CNTFET, the constancy of the channel potential means that the appropriate value is LC.

In the limit that Cox — oo (and again assuming Cpq — 0), the device is said to operate in the
“bipolar limit.” In this case, the gate voltage has direct control over the channel potential, and
the appropriate equivalent circuit is shown in Fig. 7(c); this resembles the well-known “hybrid-
7~ model for an intrinsic bipolar transistor working in the forward-active mode [17, Fig. 7.4(b)],
but with an infinite value for the incremental base-emitter (gate-source) resistance, since the gate

current must be zero at low frequencies.

B. Schottky-Barrier Devices and Scattering

It is worth mentioning here that the circuit in Fig. 7(a) may also have merit for ballistic
Schottky-barrier devices. Inthis case, Cisand Cyp could be used to represent the effects of space-
charge capacitances arising from the Schottky contacts at the source and drain. The channel
region could then be defined as that over which the potential is roughly constant, and the other
circuit elements would retain their meaning. However, this requires further study, especially for
short devices, where quantum-mechanical effects at the contact barriers are likely to play a role,
and where the channel potential is unlikely to be constant. Similarly, the effects of scattering
in longer devices also needs study. These are topics of current research, and the results will be

reported elsewhere.
VIlI. CONCLUSIONS
The following conclusions can be drawn from this study of the high-frequency performance

potential of carbon-nanotube, field-effect transistors:

1. Starting from a theory of ballistic transistors [7] that focuses on the “top of the (source-
drain) barrier,” and under the quasi-static assumption, a simple, intuitive equivalent circuit
can be developed for a ballistic carbon nanotube transistor. The circuit reduces to the

expected forms in the so-called “*MOS” and “bipolar” limits.

2. The circuit predicts an intrinsic, ballistic f that approaches a limiting value of vy /27 L

at high gate bias, i.e,, approximately 130 GHz/L (um), and that falls at low gate bias
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due to the presence of source and drain electrostatic capacitances. The gate electrostatic
capacitance Cee = Cox also impacts the f7, with a lower Cyy causing the f to approach

its limiting value of v /27 L at a higher gate bias.

3. Numerical simulations for a “MOSFET-like” or “bulk-switched” CNTFET show that the

circuit holds merit if the capacitances in it are appropriately interpreted; correspondingly,
the simulations predict f values and behavior similar to those from the top-of-the-barrier

approach.

Further work is needed to understand the role of scattering in longer devices; to examine the

role of “kinetic inductance” [4], [5], [18] and non-quasi-static effects; to assess the role of para-

sitics [19]; and to characterize small-signal properties other than the f7.

ACKNOWLEDGMENTS

The authors are indebted to Mark Lundstrom, Supriyo Datta, and Diego Kienle of Purdue

University, and Jing Guo of the University of Florida, for many helpful discussions.

(1]

(2]

(3]

(4]

(5]

(6]

[7]

(8]

(9]

REFERENCES

D. J. Frank and J. Appenzeller, “High-frequency response in carbon nanotube field-effect transistors,” |EEE Electron
Device Letters, vol. 25, pp. 34-36, January 2004.

J. Appenzeller and D. J. Frank, “Frequency dependent characterization of transport properties in carbon nanotube transis-
tors,” Applied Physics Letters, vol. 84, pp. 1771-1773, March 2004.

S. Li, Z. Yu, S.-F. Yen, W. C. Tang, and P. J. Burke, “Carbon nanotube transistor operation at 2.6 GHz,” Nano Letters,
vol. 4, no. 4, pp. 753-756, 2004.

P. J. Burke, “Luttinger liquid theory as a model of the gigahertz electrical properties of carbon nanotubes,” |EEE Transac-
tions on Nanotechnology, vol. 1, pp. 129-144, September 2002.

P. J. Burke, “An RF circuit model for carbon nanotubes,” IEEE Transactions on Nanotechnology, vol. 2, pp. 55-58, March
2003.

P. J. Burke, “AC performance of nanoelectronics: Towards a ballistic THz nanotube transistor,” Solid-Sate Electronics,
2004. In press.

A. Rahman, J. Guo, S. Datta, and M. S. Lundstrom, “Theory of ballistic nanotransistors,” IEEE Transactions on Electron
Devices, vol. 50, pp. 1853-1864, September 2003.

A. Javey, J. Guo, D. B. Farmer, Q. Wang, D. Wang, R. G. Gordon, M. Lundstrom, and H. Dai, “Carbon nanotube field-
effect transistors with integrated ohmic contacts and high-« gate dielectrics,” Nano Letters, vol. 4, no. 3, pp. 447-450,
2004.

Y.-M. Lin, J. Appenzeller, and P. Avouris, “Novel carbon nanotube FET design with tunable polarity,” in IEDM Technical
Digest, pp. 687-690, December 2004.

May 29, 2005 DRAFT


U of A
Highlight

U of A
Highlight


[10]

[11]

[12]
[13]

[14]
[15]

[16]

[17]
[18]

[19]

16

J. Chen, C. Klinke, A. Afzali, K. Chan, and P. Avouris, “Self-aligned carbon nanotube transistors with novel chemical
doping,” in IEDM Technical Digest, pp. 695-698, December 2004.

P. Avouris, A. Afzali, J. Appenzeller, J. Chen, M. Freitag, C. Klinke, Y.-M. Lin, and J. C. Tsang, “Carbon nanotube
electronics and optoelectronics,” in IEDM Technical Digest, pp. 525-529, December 2004.

S. Luryi, “Quantum capacitance devices,” Applied Physics Letters, vol. 52, pp. 501-503, February 1988.

J. Guo, M. Lundstrom, and S. Datta, “Performance projections for ballistic carbon nanotube field-effect transistors,” Ap-
plied Physics Letters, vol. 80, pp. 3192-3194, April 2002.

Y. Tsividis, Operation and Modeling of the MOS Transistor. McGraw-Hill, second ed., 1999.

D. L. Pulfrey and N. G. Tarr, Introduction to Microelectronic Devices. Prentice-Hall, 1989.

K. Natori, “Ballistic metal-oxide-semiconductor field effect transistor,” Journal of Applied Physics, vol. 76, pp. 4879-4890,
October 1994.

D. J. Roulston, Bipolar Semiconductor Devices. McGraw-Hill, 1990.

S. Salahuddin, M. Lundstrom, and S. Datta, “Transport effects on signal propagation in quantum wires,” | EEE Transactions
on Electron Devices, 2005. In press.

J. Guo, S. Hasan, A. Javey, G. Bosman, and M. Lundstrom, “Assessment of high-frequency performance potential for
carbon nanotube transistors,” | EEE Transactions on Nanotechnology, 2005. Submitted for publication.

May 29, 2005 DRAFT



17

FIGURE CAPTIONS

Fig. 1. Sketch of the conduction-band edge E¢(z) versus transport direction z in a carbon-nanotube transistor.
The E-k relation at z = z0p, the location of the top of the source-drain barrier, is also shown. The level Eceq
denotes the position of the conduction-band edge at equilbrium. The level Eiq, denotes the conduction-band edge
at the point z = zqp under applied voltage. The energy difference qVscr = Eceq — Etop is marked on the diagram.

The diagram is not to scale.

Fig. 2. (a) Electrostatic network representing the relation (9). (b) Transport network representing the relation (12).
(c) Overall capacitive network for ac signals. The “+” signs are used to indicate that the sum of the charges on the
outer plates of the electrostatic capacitors must equal the sum of the charges on the inner plates of the transport or

“quantum” capacitors.

Fig. 3. (a) Small-signal equivalent circuit for a ballistic carbon-nanotube transistor, based on a quasi-static treatment
of transport at the top of the source-channel energy barrier. (b) Alternate form of the equivalent circuit, explicitly
showing the transconductance g,,, and output conductance go; equations (15) and (16) specify the values of g,,, and

go in terms of the elements appearing in part (a).

Fig. 4. Sketches of the static and dynamic parts of the source Fermi function fs(E) versus energy E. The static
part fs(E) is specified by (24), and the dynamic part fs(E) is given by (25). For reference, the positions Ec g
(the conduction-band edge at equilibrium) and fier = EFr + q(Vsce — V) (an effective Fermi level seen at the top

of the barrier) are also shown.

Fig. 5. (a) Plot of the unity-current-gain frequency fr versus gate-bias voltage Vi for a zigzag carbon-nanotube
transistor, as computed from the analytical relations developed in this work. The drain bias is held fixed at 0.7 V.
The device parameters are specified in the text below (28). (b) A replot of f7 for the device in part (a), but with the
oxide capacitance reduced by a factor of five while holding all other parameters constant.

Fig. 6. Plots of key quantities versus position z along the channel, as found from numerical simulation under static
conditions, for various values of gate bias and a drain bias of 0.7 V. Shown are the band edge under bias E¢(z), the

average carrier velocity vaq(z), and the carrier density n(z).

Fig. 7. (a) Small-signal equivalent circuit for a “MOSFET-like” carbon-nanotube transistor operating under ballistic
conditions. The circuit has the same topology as that in Fig. 3(b), but the capacitances have been redefined, as
described in the text. Parts (b) and (c) show the forms of the equivalent circuit when the device is operating in the
“MOS” and “bipolar” limits, respectively.
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Fig. 8. Plot of the unity-current-gain frequency fr versus gate-bias voltage Vi for a “MOSFET-like” carbon-
nanotube transistor operating under ballistic conditions, as found from numerical simulation. The drain bias is held

fixed at 0.7 V. Other than the doped source and drain regions, the device parameters are the same as those used in

conjunction with Fig. 5.
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