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Abstract—A  time-dependent  effective-mass  Sclidinger-  traditionally associated with the transit of the carriers through
Poisson solver is used to study the frequency dependence of thethe channel. Semi-classically, a thermionically injected carrier
gate capacitance of a short Schottky-barrier carbon nanotube with a mean veloCity,,; = 2><107cm/s < op = 8><107cm/s

field-effect transistor (CNTFET). A delayed (re)charging of . .
the channel causes a (non-quasi-static) drop of the gate needs only2ps to cross half of a typically800nm long

capacitance for higher frequencies on a characteristic scale, channel (injection from both contacts at zevQs), which
which can be related to the escape time of the carriers. The would lead to characteristic frequencies well ab6ve GHz.
impact of Schottky-barriers on the escape time is discussed The interesting question arises if the discrepancy between
both analytically and by means of transient simulations. A the measurements and flight-time estimations can already be
comparison with experimental data reveals an interesting . . . . . . .
qualitative similarity. explained with the impact of potential barriers. E_spemally in

Index Terms—CNTFET, ballistic transport, high-frequency be- Shortss CNTFETs the build up of resonant tunneling charges
havior, gate capacitance, double barrier structure, non-quasi- is delayed, which is the focus of the present study. Randomly
static phenomena, escape time CrossingCNTs may cause additional small barriers in a longer
channel and possibly slow down the channel recharging even
further.

Recent experimental results of prototypeTFETS [1] and The present study is structured as follows. First, the fre-
first circuit design studies [2] based on a production-tygpiency dependence of the gate capacitance of a short ballistic
CNTFET technology [3] indicate that theNTFET technology SB CNTFETIis numerically calculated and explained. For the
may be a potential alternative to existing semiconductor prsimulation study in this paper, a recently published ballistic
cess technologies especially for high-frequeney)(analog effective-mass Schrodinger-Poisson solver [9] is used which
applications. However, the understanding v phenomena allows the simulation of time-dependent transport based on
in CNTFETs is still quite limited for two reasons:i)(ex- coherent quantum-ballistic charge injection. The relevant time
perimental HF characterization of single-tubest) FETs is scale for theHF response of a ballistic device can be deter-
almost impossible due to their relatively high parasitics andined from the escape time of the injected carriers:
very high impedance level compared to the standardided

.. . . tEsc :h/F, Q)
measurement systems, ang {F simulation capabilities are
restricted to (short channeBT devices and rely on non-as already concluded in [9]. Hele is the (averaged) width
verified assumptions concerning the transient modeling. Thog,the resonances in the transmission spectrum. The escape
only a few publications [4]-[9] study the small-signaF time is further analyzed for the case of charge injection
behavior ofcNTFETs which is commonly described by two-into a simplified transistor channel described by a (non-self-
port S- or Y-parameters. consistent) double barrier structures@). Analytical equa-

On the other hand, experimental characterization of tions are derived, which allow to study the impactses and
multi-tube MT) CNTFETS is possible and results are shown itthe extrapolation to longer channels. Finally, we return to the
the present paper. A decrease of the gate capaciﬁ?&cmr experimental results and compare our findings to the frequency
frequencies well belowi0 GHz (Vgs = 0V) for a Schottky- dependent gate capacitance of a lommy CNTFET.
barrier 6B) MT CNTFET is obsgrved. .This frequency scale Il. TRANSIENT DEVICE SIMULATION
should also be predicted by simulations. One should keep ] ) _
in mind, however, thaMT CNTFETs have some fabrication | "¢ Method proposed in [11] is used to extract ¥ie
related unique properties, such as parasitic metallic tuga@meters of a common source fully gatédum long
within the channel and intertube crossings, which can not FATFET Py transient step excitation’{ep = 1mV) of the
explained on a&T level (see [10] for an overview on state-of-dev'ce t_ermlnals Wlth_ respect to a given bias point followed
the-artCNTFET technology). by Fourier decompgsmoq . )

The speed of @NTFETIs limited, among others, by the time 1 1e 9ate capacitanc€, is extracted from the time-
required to charge or discharge the tube. The charging timed@pendent simulations aSqg = Im{Ygg} /(2m f) which

I. INTRODUCTION
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approaches its quasi-static linllyy = dgcn/dVys for f — 0 frequencies the change of the gate potential (not shown). For
(gen is the channel charge). The frequency-dependenc}ggf comparisons with experiments (see Fig. 6), we employ the
for zeroVys is shown in Fig. 1. Obviously, the higher the frezero-order model to approximately calculate the quasi-static
quency, the lower is the value 6fyq. OtherHF characteristics value ofCq from the (measured/simulated) valGg; modeling

are discussed in [9]. Cox as the capacitance of a cylinder-plate geometry, yielding

for the here simulated devigg;/lq = 0.13 aF /nm.

T T ] Following the above arguments, the frequency dependence
QUAS™ =~ 1 of Cy, is due to a significant weaker change of the carrier
~ N 7 concentration within the channel for higher frequencies, i.e. a
| pronounced recharging delay. The delay may be explained as
N follows: The valence band within the channel of theTFET

. \ forms a symmetricbBs (see Fig. 2) forVys = 0. Thus,

. \ 7 (i) carriers must traverse thess (33% of the carriers in
oLt ) the channel tunnel through tress) to recharge the channel,
_— R and (i) carrier injection is dominant for energies which are
10 -0|,8 : -()I.6 : _0"4 : _0"2 : 010 : ()12 04 very clpse to the .energies of the resonant states obthe

Vis/V otherwise the carriers are totally reflected. Hence, as a relevant
time scale for the carrier traversal time we may consider the
Fig. 1: Total gate capacitanagyg as function of the gate escape time of the carriers which can be read off from the
voltageVys for Vgs = 0 and several frequencies. The simulatiogyigths I of the resonances in the transmission spectrum. A
and device parameters are identical to the parameters in [QJ'plcal average value is in the order BfncV for the given
device. The escape time then equals rou@h®2 ps which is

The frequency dependence 6f,, can be explained ascomparable to the cycle duration of a gate signal frequency
follows: A zero-order approximation of the total gate capagf 4.5 THz. Charge carriers cannot follow faster oscillations
itance isCqg = CoxCq/(Cox + Cq) Where Co is the oxide and the change of the carrier concentration is suppressed.
capacitance and’, is the quantum capacitance (change ofherefore, the escape frequency (a DC property influenced
channel charge with respect to changes of the electrostafig. by Schottky and/or potential barriers near the contacts)
tube potentialy). Since Cox is frequency-independent (atsets a typical scale for the decrease of the gate capacitance as
least in the simulation), the frequency dependenc€gfis seen in Fig. 1.
due toCy which thus decreases with frequency. The related The undulatory profile of the carrier concentration (and the
decrease of the change of the charge carrier concentragion electrostatic potential) for higher frequencies visible in Fig. 2
with frequency is shown in Fig. 2.Ap is extracted from s a consequence of the fact that the transmission spectrum
the time-dependent simulations in a similar manner as tBemprises resonances of different widths. Thus, narrow res-
Y-parameters). As the change of the carrier concentratigRance states (at low energies) may be left empty while an
injection into wider resonance states (at higher energies) is

! 1 1102 still possible at high frequencies. However, empty states lead
7 to undulatory profiles.
- 6
IE 5L Il. CHARGE INJECTION INTO A DBS
c’o; 4 If a CNTFET is biased atVgs = 0V the valence band in
13 the channel region can be approximated as a double barrier
5* structure pBS). This motivates us to (re)investigate charge
2 injection into a simplifiedbBs as shown in the inset of
1 Fig. 3, where rectangular potential barrieds,( = 0.25€V,
0 Mmeny = 0.05mp) are used to mimic the impact of thess.

(e}
=
o

QOI/nm?’O 40 20 Fig. 3 also shows the transmission probability of thes

near one resonant ener@y. Following the supposition drawn
Fig. 2: Change of the hole concentratip along the channel fom the transient device simulations in the previous section,
as response to sinusoidal gate signalgs (= 1mV) for the corresponding escape frequency may set the scale for the
S =0,1,5,10 and 50 THz and Vgs = —0.5V, Vas = 0V. non-quasi-static decrease of the gate capacitance.
The quasi-staticﬂ: 0Hz) value of Ap is derived from two  The full width T' = T'; + I', of a transmission resonance
steady-state simulations with corresponding bias points. ThEhalf maximum in the transmission peak can be determined
valence band edgg, of the first subband is also shown.  from the individual transmission probabiliti€§ through the

decreases with frequency, the change of the electrostdfiglividual barriers of the structure [12],
potential increases due to self-consistency (in the zero-order T 1 1

2= = —, @)

model Ay = Cyg/Cqugs) and approaches finally for highest Ao alg B
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Fig. 3: Transmission resonance for a simplified band profi

(shown in the inset) for &8 width Iy, of 5nm lielg. 4: Channel length dependence of the escape frequency
b .

fusc and of the peak energl,., for the resonance shown in
Fig. 3. Each barrier i$ nm long. The inset shows the barrier
where v, is the band structure dependent group velocityidth dependence ofg,. for two different channel lengths:
vg = %%_f anda is a fitting parameter including any phaseumerical results (symbols) and analytical approximation for
shift associated with reflections at the barriers which had begp = 30 nm (solid line) and50nm (dashed line).

neglected in the derivatiornu, and 7; are evaluated for an
energy Ei,; ~ E; (see below). According to (1), the escapand an amplitude df.5 meV. The injection energy equals;

frequencyfrsc = 1/trsc is then given by shown in Fig. 4. The differenceé\|¢(t)|? is shown at1/8
9 5 (dashed line) and /4 (solid line) of the barrier oscillation
JEse = o exp(—2k(Einj)lb) 1/ —— Einj (3) cycle time. For comparison, Fig. 5 also shows the differences
Qllch Ment

|Gmax/min|? — 655>, Here, the steady-state probability densi-
for a parabolic band structure with an effective mass.: ties |pmax|? @and |pmin|? are calculated for the maximal and
and a wks approximation of the individual transmissionminimal barrier height corresponding 1¢4 (circles) and3 /4
probability through a rectangular barrier of length The (squares) of the oscillation cycle tin¥e, respectively.

momentumk in equation (3) is given by Obviously, for thin barriersA|¢(t = T/4)|? equals the
Ymons quasi-static valugg,.x|?> — |pss|?. However forl, = 7nm,
k(E) = \/ hcn (@@, — E). (4) |4(t)]? is almost time-invariant and equalé,,|? leading to

) a vanishing A|¢(t)|?, i.e. a recharge is suppressed. The
Fig. 4 compares the escape frequenfgyc num extracted gimylation results forl, = 5nm demonstrate that for the

from non-self-consistent numerical simulation solving thgimp”ﬁed DBS already for frequencies well beloviss. the
steady-state effective-mass Schrodinger equation [9] and fhgcted wave function does not reach the steady-state values.
analytical approximationfusc analy given by equation (3) for Thys, even belowfg.., the carrier concentration within the
different channel length&.,. The energyEi,; is chosen to channel cannot follow oscillations of the potential well and

lie on the lower edge of the transmission resonance closei@ associated gate capacitance becomes frequency-dependent.
E. (which changes withi.,). The agreement is excellent for

a = 0.6. Note, thatfgs. drops fromTHz to few tens ofGHz
when changing the channel length frdfinm to 800 nm.

Eq. (3) also allows to study the impact of tae width i}, on
the escape frequency. The inset in Fig. 4 compares numerical
simulation results with analytical results far = 0.6. The
escape frequency for thin barriers can be estimated from the
velocity v, at resonancegs. ~ 1.67v,. (2/ls,). For thicker
barriers, however, the flight-time estimation fails afigl. is
reduced exponentially with,, down to a few tens ofzHz for
long channels and reasonable values of the barrier widths.

The time-dependent simulation results shown in Fig. 5
confirm that resonant tunneling electrons cannot follow too
rapid potential changes in @Bs. For severalsB widths, the
difference A|g(t)|? = |p(t)|* — |#ss|® between the time-
dependent probability density(¢)|? and the corresponding
steady-state valuegs|? is calculated non-self-consistently
with a time-dependent effective-mass Schrodinger equation [9]
for an oscillating potential well with a frequency 800 GHz ~ Fig. 5: Time-dependence of an injected wave for an oscillating

potential well with500 GHz and differentss widths.

x/nm
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IV. DIScusSION ANDCONCLUSION phase space, phonon scattering is not negligible for realistic
. i . . . device dimensions and leads at least to an increased quasi-
In the shown transient simulations of a short balli$t gatic value of the quantum capacitance [13]. Furthermore,
CNTFET the frequency dependence of the gate capacitance,ah o scattering will destroy coherence and impacts resonant
Vis=0V can be 'traced to a drop of the quantum CaDaC'ta“ﬁﬁmenng [14], [15], but the consequences for the transient
for frequencies slightly below the escape frequency of resongl avior are less clear. However, for the simplifiagis, es-
tunneling charge carriers. This observation is plausible becalé%l%e frequencies of a few tens@Hz are easily conceivable.
resona_nt tunneling carriers _spend.a longer time (pmportiorﬁ{erefore, theoBs may be also an effective model describing
to the inverse resonance widlh') in the transistor channel impact of small barriers within the channel due to inter-
and contribute most significantly to the quasi-static capacitangg crossing inMT CNTFETS. Investigating such a structure

value. However, for too rapid gate oscillations the carriely,q yhe influence of scattering is left to further studies.
cannot follow and the pile up of charge due to resonant

tunneling will be suppressed, as we have demonstrated for a ACKNOWLEDGMENT
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Vas = 0V, the escape times are large due to the Schottky-
barriers at both sides of the channel.

It is interesting to note that the frequency-dependen@g@f [1] L. Nougaret, H. Happy, G. Dambrine, V. Derycke, J. P. Bourgoin, A. A.
is qualitatively similar to experimental results for the intrinsic S;ﬁ]‘;”'h%”hd gfj'rig' ?eer;sigg:{ dui%ﬂg"';g;ﬁﬁ;f:é tg?ﬁ:;t]orsaﬁg?gé‘ggﬂ
gate capacitanc€y, of a MT, multi-finger top-gatedss CNT- Applied Physics Letters, vol. 94, no. 24, p. 243505, 2009.

FET shown in Fig. 6. The channel comprises approximatel§2] M. Eron, S. Lin, D. Wang, M. Schroter, and P. Kempf, “An L-band

ne = 3000 semiconducting and metalli00nm long tubes ggrbggsﬂgggt”gglt{ans'Stor amplifieElectronics Letters, vol. 47, no. 4,

in parallel (for more information on the technologie see [3]){3] M. Schroter, P. Kolev, D. Wang, S. Lin, N. Samarakone, M. Bronikowski,
For de-embedding the gate capacitance, an open structure isZ. Yu, P. Sampat, P. Syams, and S. McKernan, “A 4" Wafer

o ; f ; Photostepper-Based Carbon Nanotube FET Technology for RF Appli-
used that is identical to the transistor structure without tubes. cations.” inEEE MTT-S International Microwave Symposium, 2011.

A pronounced decrease @y, for frequencies well below [4] v. Chen, Y. Ouyang, J. Guo, and T. X. Wu, “Time-dependent quantum
10 GHz is observed. transport and nonquasistatic effects in carbon nanotube transistors,”
. . . . . Applied Physics Letters, vol. 89, no. 20, p. 203122, 2006.
The derived q_uaS|-§tat|c quantu_m ca_lpautance (following, &’ lani, L. A. K. Donev, M. Kindermann, and P. L. McEuen, “Mea-
the procedure given in Sec. lll) is twice as large as the  surement of the quantum capacitance of interacting electrons in carbon

simulated one, which seems reasonable considering the neglect nanotubes, Nature Physics, vol. 2, no. 10, pp. 687-691, 2006.

. . . . . 6] M. Claus, S. Mothes, and M. Schroter, “Modeling of NQS effects in
of scattering and inter-tube crossings, which also will affec{ carbon nanotube transistors,” Proc. SSPAD, Bologna, Italy, 2010,

the frequency response. Therefore, in spite of the qualita- pp. 203-206.
tive similarity of the experimental data and the simulatiorl?] D. Kienle, M. Vaidyanathan, and F. Léonard, “Self-consistent ac quan-

. . . tum transport using nonequilibrium green function®h Rev. B,
results, the applicability of the employed m.odel to explain 81, p.p11545519201o' 9 9 ys
the observed frequency scale remains questionable. Althougd N. Paydavosi, A. U. Alam, S. Ahmed, K. D. Holland, J. P. Rebstock,
scattering times incCNTFETS are long due to the restricted  and M. Vaidyanathan, “Rf performance potential of array-based carbon-
nanotube transistors;part i: Intrinsic result&2EE Trans. on Electron
Devices, vol. 58, no. 7, pp. 1928-1940, july 2011.
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