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The performance of carbon nanotube field-effect transisto 9=+ 2
has been studied based on the non-equilibrium Green’s func% |-~ (
tion formalism. The effects of elastic and inelastic seatge ~ * 0§ 101 025 N\~
and the impact of parameters, such as electron-phonon cou- Lone™ S0
pling strength and phonon energy, on the device performan€g. 1. Cross section of the device and the band-edge profilthen

: N urce sided metal-CNT interface. Depending on the worktfon difference
are analyzed. The effect of scaling of the source-gate spa ﬁ;tween metal and CNT positive, zero, and negative barméghts for

drain-gate spacer, and gate length is studied. The resudisctrons or holes can be achieved. In this work we assunwraie as
for devices with different barrier heights at the metal-CNTnajority carriers. Due to the symmetric band structure, dbeclusions also

interface are discussed. hold for holes.
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Introduction Approach

Carbon nanotube (CNT) based transistors have been studiege NEGF formalism has been employed [7]. The transport
in recent years as potential alternatives to CMOS devicegjuations are solved on the surface of the CNT. We assume
because of their capability of near ballistic transport. [1]bias conditions in which the first sub-band contributes fyost
Depending on the work function difference between the metg the total current. In the mode-space approach the transpo
contact and the CNT, carriers at the metal-CNT interfacequations for each sub-band can be written as [8]:
encounter different barrier heights (the definition of tlaerker

height is seen in Fig. 1). Fabrication of devices with pusiti G (E) = [EI — H(E) — 2%4(E)] ™! 1)
(Schottky type) [2] and zero (Ohmic) [1] barrier heights for - R - A
holes have been reported. Here electrons are considerad to bG ™7 (E) = G (E)E~7(E)G™(E) 2)

majority carriers. Since .the dlsp_ersmn_ relations fo_r et We consider the self-energies due to contacts and electron-
and holes are symmetric, our discussions are valid for hol

.n%%onon interactionyY = X5 + Xq + Ye_pn. The self-
gnergy due to the coupling of the device to the source
and drain contacts is only non-zero at the boundaries. The
self-energy due to electron-phonon interaction comprises
contributions of elastic and inelastic scattering mecérasi

ph = Zel + Zinel, Where the terms are given by:

the transmission coefficient of carriers through the defi¢e

In this work the non-equilibrium Green’s function (NEGF)
formalism is used to perform a comprehensive numeric
study of CNT based transistors. Electron-phonon intesacti ~°~
parameters depend on the chirality and the diameter of theg§v>(E) = DuG<~(E) (3)
nanotube. For the first time, the device response is studied

for a wide range of electron-phonon interaction parameters DI} :Zpﬁml
Extending previous work [3,4] the effects of scaling of p

source-gate spacek{c) and drain-gate spacek{¢) (Fig. 1) x[(ng(hw,) +1)G<(E + hw,) (4)
on the device characteristics are investigated in detdie T <

results indicate that these effects can be very differemhfr 1 (e, )G (B = hwy))
conventional MOSFETSs. The effect of geometrical paransetewhere D is electron-phonon coupling coefficierity is the

on the device characteristics strongly depends on theebarrphonon energy, and is the phonon modeX:  is cal-
height at the metal-CNT interface for majority carriers. &s culated similarly to (4) [8]. Assuming thermal equilibrium
result, a careful selection of geometrical parameterssiéad for phonons, their occupation number is given by the Bose-
considerable improvement of device performance. Einstein distribution function.
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Fig. 2. a) The ballisticity versus the strength of electpitonon coupling for a CNT 050 nm length. The ballisticity is defined as the ratio of the onrent
in the presence of electron-phonon interaction to the atiirethe ballistic casds./Ig;. b) The ballisticity versus the phonon energy. c) Balligtizersus
both the strength of electron-phonon coupling and phon@mggn
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Fig. 3. a) Ballisticity versus CNT length. The following pameters were used for elastic scatterify, = 10~! eV?2 and for inelastic scattering
Dinel = 1071 V2 and iwinel = 25 meV. Comparison of the simulation results and experimentaa diat the b) transfer and c) output characteristics.
Lines show the simulation results and symbols show expetimhelata. The result fovg = —1.3 V is compared with the ballistic limit. Elastic scattering

occur due to acoustic phonons (AP), and inelastic scagtedline to zone boundary (ZB), optical (OP), and radial bregt{RBM) phonon modes. The
electron-phonon interaction parameters were selectedllasvé: Dap ~ 1074 eV2, Dz ~ 10~% and 50 x 1073 eV?, Aiwzp ~ 160 and 180 meV,
Dop =40 x 1073 eV2, hwop =~ 200 meV, Drpm ~ 1073 eV?2, wrpMm ~ 30 meV [5, 6]. High energy phonons, such as OP and ZB phonon modes,
degrade the performance only weakly, whereas the RBM phomagte can have a detrimental effect. However, due to wealrefephonon coupling, the
RBM mode has a negligible effect even at room temperature.

The imaginary and real parts of the self-energy broadens atite total current decreases. Fig. 2-a shows the ballistast
shifts the density of states, respectively. Here, the imayi a function of D,. Elastic scattering conserves the energy
part of the self-energy, which adds dissipation to the Hamibf carriers, but the current decreases due to elastic back-
tonian, is considered and the real part is neglected [9].  scattering. On the other hand, with inelastic scatterirg th
1 energy of carriers is not conserved. Carriers acquiringigho
Sm[EY(E)] = %[2> -2 (5)  kinetic energy can emit phonons and scatter into lower gnerg
The trans . . . 'T;tates. With the increase afv, the current is less reduced,
port equations and the Poisson equation are ¢buple : S
self-consistently. since s_(_:attered carriers Io_se more kinetic energy and the
The Effect of Scattering Parameters probability for b_ack-sca_tterlng decreases_, see Fig. de F
a better comparison, Fig. 2-c shows regions of ballistic and
diffusive transport for inelastic scattering. These ressaite for
device of50 nm length. Fig. 3-a shows that the ballisticity
ﬁs inversely proportional to the CNT length. Fig. 3-b and
ig. 3-c show excellent agreement between simulation tesul
&nd experimental data [10]. The results indicate that @svic

is studied for a W'.de range of eIectron-phonon_ Interactiofivh 4 channel length of less than several hundred nanometer
parameters. With increasing®, the self-energy increases, fan operate close to the ballistic limit

which adds dissipation to the Hamiltonian, and consequent

The scattering parameterd), and hw,, depend on the
chirality and the diameter of the CNT. The calculation o
these parameters is presented in [5]. Due to many possl
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Fig. 4. The normalized spectrum of current based on balliséinsport for a device with a) negative, b) zero, and c)tpesbarrier heightVg = 0.6 V
andVp = 0.8 V. d) The relative variation of the on-current versus the sexgate spacer.

10”g : \

10—

T T E
E Ec
£ (legtron 0 AE,=-03eV
5 1067 -
10°5= E .. AE,= 00eV
[ [ —- AE_=+0.3eV
10°E 105§ e E
E = 5 _.7
1ok o, 10 -7 3
< E > e e
| = > N -
=4 2 8 43 -
107~ i o 10F e 3
E E .
r et e P
10°%k 1 7 =TT A
E E - - E
F £ " -
10%% e S0 T E
[ ] el
101 . | . | . ! . P R R B B 100V‘/‘H\HH\HH\HH\HH
-1 0.5 0 0.5 1 0 10 20 30 40 50 5 10 15 20 25 30
ALY Position [nm] Lpg [nm]

Fig. 5. a) Transfer characteristics for the device with Zemerier height. At the minimum current points electrons aotes have the same contribution to
the total current, whereas in other regions either the reliecdr hole contribution will dominate. b) Comparison of thend-edge profile for devices with
Lpg =4 nm and Lpg = 20 nm. Vg = 0.6 V andVp = 0.8 V. ¢) The ratio of thelon/Iog versusLpg.

The Effect of Geometrical Parameters the gate voltage, the barrier thickness for holes at thendrai

contact is reduced and the tunneling current of holes ise®a

By increasing Lpg the band edge profile near the drain
In this section the effect of source-gate and drain-gateespa contact is less affected by the gate voltage. As a result, the
lengths on the device response is investigated. Both tlparasitic tunneling current is suppressed. Fig. 5-c coagar
tunneling current and thermionic emission current contgb the increase of the,,,/I,¢ ratio versusL4. When increasing
to the total current, see Fig. 4. Electrons with energieelow L4, the off-current decreases, while the on-current remains
than the barrier height have to tunnel through the sourceearly unchanged, such that tlig,/I.g ratio increases. In
sided metal-CNT interface barrier to reach the channellevhidevices with negative barrier height more improvement is
electrons with higher energies are injected by thermioniachieved, since in such devices the off-current is mostly du
emission. Fig. 4 shows that at high gate bias even for devicgs parasitic tunneling rather than thermionic emission.
with zero or negative barrier height the tunneling curremt-c
tributes considerably to the total current. Since the tlinge Fig. 6 shows the effect of.pg on the output characteris-
probability decreases exponentially with the barrier Wjdt tics for devices with different barrier height. In the dewvic
the tunneling current decreases with increading. Fig. 4-d  with positive barrier height the current at low drain biases
shows the on-current versusg. Since the contribution of decreases a&pg increases. This can be well understood
tunneling current decreases with decreasing barrier helghh by considering Fig. 4-c. In a device with positive barrier
on-current is less sensitive tbsc in devices with negative height electrons at the drain-sided metal-CNT interfacesha
barrier heights. to tunnel through the barrier to reach the drain contactil&m

to what we discussed foEgg, with increasingLpg the
The transfer characteristics at different drain biaseshosn thickness of the barrier increases and the drain current is
in Fig. 5-a. In the off-regime the drain current starts taeduced. If the drain voltage becomes higher than the gate
increase due to ambipolar conduction. By increasing thepltage, most of the electrons can reach the drain contact
drain bias this phenomenon becomes more apparent [10, 14y. thermionic emission. In devices with negative and zero
Fig. 5-b shows that if the drain voltage becomes higher than
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Fig. 6. The effect ofLpg on the output characteristics for the device with a) negath) zero, and c) positive barrier height. For all simulatresults

Ve = 0.5 V. In all cases the results for both ballistic and diffusivansport are shown. The results indicated that the ungatgdnreloes not increase
the channel resistance. The decrease of the current at Esesifor a device with positive barrier height is due to theidraformed at the drain-sided
metal-CNT interface. For diffusive transport we assumednst electron-phonon coupling and low energy phonos. Thewimg parameters were used for
inelastic scatteringD;ye; = 10~ eV?2 and Awipel = 25 meV.

barrier height this problem is less apparent, since eveovat |
drain voltages electrons do not tunnel through the draiedsid
barrier.
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It should be noticed that, as opposed to conventional MOSsye| nano-devices of the Korean ministry of science and
FETs, increasing the length of the ungated aiegs, does  technology.

not increase the resistance. In conventional MOSFETs the
intrinsic resistivity of the channel is high. The residijyvof

the channel is modulated, when the gate voltage attracts or
repels carriers from the channel. As a result the resistafce
the ungated region is high. In CNTSs the intrinsic conduatanc
is fixed and independent from the gate voltage.
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