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Abstract

Time-dependent quantum simulations are used to rig-
orously identify non-quasi-static (NQS) effects in Carbon
nanotube transistors. A complete physics-based small signal
equivalent circuit is derived which captures important NQS
effects for circuit design and simulation. This model agrees
well with high-frequency measurements. Additionally, the
impact of Schottky barriers on the kinetic inductance and
the charging resistances is discussed and the role of the
contact resistances is investigated.

Introduction

Carbon nanotube field effect transistors (CNTFETS) are
promising candidates for high-frequency (HF) analog ap-
plications due to their high intrinsic transconductance and
very low intrinsic capacitances per tube. Regardless of all
difficulties [1] in measuring the HF behavior of fabricated
CNTFETS, measured HF figures of merit such as the transit
frequency fr indicate that they are far away from their
expected intrinsic values.

Albeit the present challenges [2], [3], the intrinsic HF
potential is still under investigation. Time-dependent trans-
port simulations either based on the Boltzmann equation
[4] or Schriédinger equation [S] are considered to account
for non-quasi-static (NQS) effects describing the delay of
the charge carriers in response to fast signal variations at
the device terminals.

Current pre-production technologies show tube lengths
of around 500 nm. For such long devices, friy is about
1 to 10 GHz. Therefore, practical HF applications demand
CNTFETS to operate near peak fr. With carefully optimized
layout and dense parallel tubes, the parasitic capacitances
per tube can be reduced to approach friy.

In the present paper we use time-dependent self-
consistent quantum simulations to derive a physics-based
small-signal equivalent circuit which captures important
NQs effects and which is valid for all bias points and
frequencies needed for circuit design and simulation. Fi-
nally, we apply our model to measurements and discuss
the impact of NQS effects.

Quantum model

To accurately model the transmission properties of a CNT-
FET in the ballistic limit, we solve self-consistently the
Poisson equation with the time-dependent one-dimensional
effective-mass Schrodinger equation [5], [6], [7]. We con-
sider a Crank-Nicholson finite difference scheme for a
stable time-dependent numerical solution. To minimize

203

numerical reflections at the boundaries, we implemented
discrete transparent boundary conditions [8]. Furthermore,
properly chosen boundary conditions model the impact of
contact details like Schottky barriers and hybridization.
Realistic 3D planar contact geometries allows to study
electrostatic coupling effects.

In the first part of this work we simulated a 50 nm long
CNTFET. All parameters are adapted to the measurements
published in [9]. A good agreement of DC simulation results
to the measured data is achieved. The contact geometry
induces parasitics, e. g. metal-metal capacitances and feed-
line resistances. However, for a physics-based well-defined
separation of the intrinsic transistor from parasitic effects,
these contact parasitics are ignored within our simulations.

The method proposed in [10] is used to extract the
frequency-dependent admittance parameters Y% of a com-
mon source CNTFET by transient excitation of the device
terminals followed by Fourier decomposition.

NQS modeling

For a systematic identification of the various NQS effects we
compare the simulated admittance parameters Y¢ to two-
port quasi-static and non-quasi-static admittance parameters
Y% and Y"#, respectively. Both, Y% and Y"® are based
on the equivalent circuit described below.

The non-quasi-static equivalent circuit shown in Fig. 1 is
based on [11]. In comparison to the quasi-static equivalent
circuit [12], the branch capacitances Cg and Cyq are
replaced with RLC—series combinations and the output
impedance consists of a resistance in series with an induc-
tance. The frequency dependence of the transconductance
is given by
o 9mo
1+ jwn — (wr)?

Im (1)
where the time constants 71 = Cy/gmo and 72 = /L Cyy,
depend on the low-frequency transconductance ¢mo, Cry and
the channel inductance L,. In the QS model, the frequency
dependence of the transconductance equals

Im = gm0 — jwcm (2)

where C, = Cg — Cy; models the non-reciprocity of
the gate-drain capacitance. Fig. 2 — 4 show admittance
parameters based on quantum transient simulations (Vg =
—0.5V) in comparison to the admittance parameters based
on the quasi-static and non-quasi-static equivalent circuits.
The values for the circuit elements are fitted to Y to give
the best agreement (see Tab. I).



Fig. 1. Complete non-quasi-static equivalent circuit for the in-
trinsic transistor valid for frequencies up to 10 T'Hz. The charging
resistances Ry, and Rgq, the inductances and the complex valued
transconductance g, model the NQS effects.
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Fig. 2. Frequency characteristic of the real part of the transcon-
ductance gm based on Y™ (symbols) compared to the NQS model
(solid line) and the QS model (dashed line).

Comparing the data shown in the figures, it can be
observed that

(i) the real part of the transconductance g, = Y57 —
Y5 shows peaking and a fall-off with frequency
(cf. Fig. 2),

(ii) the input admittance Y7 is not entirely capacitive
(cf. Fig. 3) at high frequencies,

the output admittance Y35 shows inductive behavior at
high frequencies beyond 600 GHz (cf. Fig. 4),

the imaginary part of Y% and Y7 shows inductive
behavior for highest frequencies (cf. Fig. 5).

(iii)
(@)

It is interesting to note that phenomena (i) — (iii) - albeit
calculated with a ballistic quantum model - are identical
to the phenomena previously reported for MOS transistors
[13].

Particularly, the inductive behavior of Y35 was previ-
ously predicted for CNTFETs in [14], [15] and has been
known for MOS transistors [12]. Even if the three groups
use different transport models for their explanations, they
describe eventually the inertia of the charge carriers in the
case of fast varying potentials. For CNTFETs this effect
was attributed to the so called kinetic inductance L. At
moderate frequencies, the output current i4s shows a delay
in response to voltage changes at the output terminal. This
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Fig. 3. Real part of the input impedance Y% (symbols) compared
to the NQS model (solid line). The QS values equal zero and are
not shown here.
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Fig. 4. Real part of the output impedance Y35 (symbols)
compared to the NQS model (solid line) and the QS model
(dashed line). The non-continues symbols at 10 7'Hz are numerical
artifacts.

delay is modeled with the kinetic inductance Lgs in series
with the output resistance 745 in the NQS equivalent circuit.
At highest frequencies, kinetic inductances Lgs and Lgg
should also be considered in branch a and b of the NQS
equivalent circuit to model the delay of the gate current
in response to voltage changes at the input and output
terminal (cf. observation (iv)). The extracted values for L
in Tab. I are in the range of theoretical predictions [14].
Since we simulate an intrinsic CNTFET without feed lines,
the inductive behavior can not be attributed to feed line
inductances. Additionally, 7 = /LyCy, in the frequency
characteristic of the transconductance g, is needed to
capture the resonance in the real part of gp,.

The charging resistances Ilgs and Rgq in branch a and
b of the NQS equivalent circuit model the finite charging
time of the gate capacitances Cys and Cyq leading to non-
vanishing real parts of Y and Y7 and a phase shift ap-
proaching zero at high frequencies. For single-tube devices
the charging resistances are fairly high (~ 10 — 100 kQ2)
and are related to the shape of the gate-source Schottky
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Fig. 5. Imaginary part of the input impedance Y7} (symbols)
compared to the NQS model (solid line) and the QS model (dashed
line).

element | —0.2V —-0.4V —-0.9V meas.

Cos 0.8 aF 0.42aF | 0.37aF 5 aF/tube
Ry 10 k2 14 k2 15 k2 90 k€2 /tube
Lygg 97 pH 110pH | 105pH -

Cad 6.7 aF 5.2 aF 0.03 aF 2 aF /tube
Rgd 11 kQ 20 kX2 20k | 130 kQ/tube
Lga 64 pH 210pH | 500 pH -

Tds 35 kQ 185kQ | 334kQ | 100k Q/tube
Lus 2nH 12nH 80nH | 340 nH/tube
Jmo 15 uS 24 1S 27 uS 2.2 uS/tube
Ch 1aF 1.1aF 0.4 aF 20 fF/tube
Lm 380 pH 350pH | 410pH | 0.9 nH/tube
Srine 340GHz | 640 GHz | 10 THz 3.4GHz

TABLE 1L Extracted equivalent circuit elements. The first

three columns contain the elements for the single-tube simulation
study for Vi = —0.2, —0.4, —0.9V, respectively, while the
last column contains averaged values for semiconducting tubes
extracted from measurements. Note that the measured tubes are
10 times longer.

barrier. The thinner the Schottky barrier, the shorter the
time the carriers need to transverse the barriers and, hence,
the shorter the charging time.

Our simulation data indicate that all effects described
above are well captured by the NQS equivalent circuit
while the QS equivalent circuit gives only good results for
frequencies below the intrinsic transit frequencies listed in
Tab. I.

Parasitics

The impact of the parasitics on the HF behavior strongly
depends on the contact geometry and the layout. For
practical analog applications multi-finger and multi-tube
transistors are needed to achieve sufficient output power
[16]. An equivalent circuit including the metal-metal ca-
pacitances (Cpgs, Cpea; Cpas) between the source, drain and
gate fingers, the finger resistances Rpg, Iy, Rpg and the
finger inductances Lpg, Ly, Lpg typical for multi-tube and
multi-finger transistors is shown in Fig. 6.

In addition, “contact resistances” (R.s, Rcq) need to be
included. However, to our best knowledge, for ballistic
and quasi-ballistic devices, the term “contact resistance”
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is still fuzzy. From measurement point of view it is
unclear how to differ between ballistic transport effects
within the tube from bias-independent effects induced by
the contact physics. If measurements are compared to a
CNTFET model where e. g. Schottky barriers are inlcuded,
the contact resistance can not be attributed to them. Other
effects like weak or strong metal-CNT hybridization can
contribute but also change transport phenomena within the
tube. Hence, due to the strong uncertainty how to extract
unambiguously this resistance we will drop them for our
studies in this paper. Nonetheless, we will see that our
measurements are well described qualitatively without con-
sidering contact resistances'. We currently assume that the
fairly high extracted bias-dependent charging resistances
Ry and Rgq, the high output resistance 74 as well as
the low transconductance gpo shadow the impact of the
(by definition) bias-independent contact resistances R s and
Reqg.

Je QLQQSQg ﬁR . ﬁcpgd LBed | Bpa  Lpatas
L
Zy
Vgs CpgS:: Vgsi A Gt @Z:g Tcpds Uds
GmUgsi
Rcs
Ry
Ly

Fig. 6. Equivalent circuit including the parasitics typical for
a multi-tube and multi-finger transistor. The Z—parameters are
defined by the NQS equivalent circuit. The impact of the parasitics
induced by the substrate are ignored for the frequency range
measured.

Measurements

Since HF measurements of single-tube and single-finger
transistors are very difficult, multi-tube devices are typically
used to study the HF behavior.

Fig. 7 and 8 show de-embedded admittance parameters
ydeemb gt Vg, = —1V and Vg = —1.5V of a measured
multi-tube, multi-finger top-gated CNTFET with approxi-
mately 2000 semiconducting and 500 metallic 500 nm long
tubes in parallel. The gate is 200m long and centered
within the channel. For de-embedding the intrinsic behavior
an open structure is used that is identical to the transistor
structure without tubes [13]. Albeit this technique does not
cancel the effects of the series resistances Ipg, Rpa and Ry
as well as inductive components, detailed calculations show
the series resistances and the interconnect inductances to be
negligible for the given layout and frequencies of interest.

A comparison of Y4 with simulation results of the QS
and NQS model shows that deviations from the QS model

"More detailed studies reveal that the contact resistance seems
to be at maximum 5 to 10 k€2/tube for the measured device.
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Fig. 7. Real parts of the measured admittance parameters

(symbols) compared to the NQS model (solid lines) and Qs
model (dashed line). Due to a leaky gate oxide, a resistance of
R, = 2kQ and Ry = 10 k(2 are added in parallel to branch a
and b of the NQS model.
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Fig. 8. Imaginary parts of the measured admittance parameters
(symbols) compared to the NQS model (solid lines) and QS model
(dashed line).

are visible at frequencies beyond the intrinsic transit fre-
quency of frinn = 3.4 GHz. The de-embedded parameters
are used to extract the average value of the equivalent cir-
cuit elements for one semiconducting tubes (see Tab. I). We
simply model the small-signal behavior of metallic tubes by
their quantum capacitance of around 400 aF/um per tube. It
is interesting to compare the extracted parameters with the
simulation results for the single-tube transistor described
above. Considering that the measured CNTs are 10 times
longer than in our simulation study which increases the
capacitances roughly by a factor of ten and that the spacers
are 30 times longer which increases the impact of the Schot-
tky barriers and thereby increasing the charging resistances,
the extracted parameters can be explained qualitatively with
our quantum simulation study. For quantitative simulation
studies, however, scattering needs to be included.

Conclusion

Self-consistent quantum simulations were developed for
deriving an equivalent circuit capturing NQS effects im-
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portant for circuit design and simulation. Although some
problems especially regarding the contact resistance and the
derivation of analytical formulas for the equivalent circuit
elements are not solved yet, a comparison to measurements
reveals a good correspondence between simulated and
measured NQS effects.
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