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Role of phonon scattering in carbon nanotube field-effect transistors
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The role of phonon scattering in carbon nanotube field-effect transi@NSFETS is explored by
solving the Boltzmann transport equation using the Monte Carlo method. The results show that
elastic scattering in a short-channel CNTFET has a small effect on the source-drain current due to
the long elastic mean-free pafimfp) (~1 wm). If elastic scattering with a short mfpere toexist

in a CNTFET, the on current would be severely degraded due to the one-dimensional channel
geometry. At high drain bias, optical phonon scattering, which has a much shortérh€nm),

is expected to dominate, even in a short-channel CNTFET. We find, however, that inelastic optical
scattering has a small effect in CNTFETs under modest gate bi&d0® American Institute of
Physics [DOI: 10.1063/1.1923183

Carbon nanotube field-effect transist¢@NTFETY are  tensively applled to study the dissipative carrier transport in
now being explored for high-performance electroriésA Si MOSFETS™ It has also been applied to study carrier
recently reported CNTFET with a channel length-e60 nm  transport in CNT$, and calibrated to expenments for a me-
appears to deliver a near-ballistic curréthis is a surpris- tallic tube with length down to~50 nm® Two scattering
ing result, because under high drain bias the channel is exnechanlsms have been identified to be important in metallic
pected to be several mean-free-patindps) long. Previous CNTs® and were included in this study, acoustic phonon
studies have shown that the dominant scattering mechanisatattering and OP scatteriigncluding phonons with both
in a h|gh qual|ty carbon nanotubéCNT) is phonon small wave vectok~ 0 and largek near the Brillouin zone
scattering”™’ Under low bias, the mfp is observed to be very edge.’
long in CNTs(~1 um), and is thought to be nearly elastic We describe the first conduction subbalBek using a
and limited by acoustic phond#P) scattering’ Under high ~ simple analyt|cal expression derived fronpaorbital tight-
bias, optical phonor(OP) emission dominates, and short binding modef?

(~10 nm mfps result. In metallic CNTs, OP emission leads e
to a high-bias saturation current ef25 uA for a long tube E=Ave(Vk™+ ko ko), (1a)

and a S|gn|f|cant decrease of channel conductance for a shghereE is the kinetic energyf is the Planck constani,
tube Studies of phonon Scatterlng in CNTs have fOCUSGd:S 0X 10’ cm/s is the Fermi Ve|oc|ty in a metallic tube,

on metallic tubes or on long semiconducting tub&honon  gnq ko=2/(3d), whered is the diameter of the tube. The
scattering in short-channel CNTFETSs, which is important forcorresponding density of statéBOS) is
nanoelectronic applications, remains unexplored.

In this letter, we show that near-ballistic dc currents can [E+A]
be obtained for a short-channel CNTFET even under high D(E) =Do- \;m@)(a’ (1b)
source-drain bias in the presence of significant inelastic scat-
tering. The results indicate that elastic scattering has a smalhereDo=4/(whvg) is the constant DOS of a metallic tube,
effect on the source-drain current for a short-channel CNTand A is one-half of the band gap, arf(x) equals 1 forx
FET when the elastic mfp is long. If, however, a short elastic>0 and 0 forx=0. Only the lowest subband is treated; the
mfp were to exist in a CNTFET, elastic scattering would effect of higher subbands will be discussed later.
degrade the on current of CNTFETs much more severely In a metallic tube, the scattering rates and mfps are en-
than it does for a typical metal-oxide—semiconductor field-ergy independent due to the constant DOS near the Fermi
effect transisto(MOSFET). This difference results from the level, but in a semiconducting tube, the scattering rates and
difference between one-dimensiofaD) transportin a CNT ~ mfps are energy dependent. Note that the band structure of a
and two-dimensional2D) transport in a MOSFET channel,
and generally applies to all nanotube/nanowire transistors
with 1D channel geometr%/. 8

To treat phonon scattering in CNTFETs, we simulate
semiclassical transport by the Monte CaflC) method
self-consistently coupled to the Poisson equation. The valid-

x 10"

: \ , _ oy
ity of a semiclassical approach for treating a short-channel =
CNTEET(L9h~20 nm was f|rst cor.1f_|rmed by a fuI.I quan- 2 O eniarion
tum simulation under ballistic conditio& The MC simula- Kb sy
tion simulates stochastic carrier trajectories and has been ex- % o1 02 03 04
E (eV)
dElectronic mail: guoj@ece.ufl.edu FIG. 1. Scattering rate vs carrier kinetic energy in the lowest subband.
0003-6951/2005/86(19)/193103/3/$22.50 86, 193103-1 © 2005 American Institute of Physics

Downloaded 02 May 2005 to 128.227.120.208. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp


http://dx.doi.org/10.1063/1.1923183
http://dx.doi.org/10.1063/1.1923183

193103-2 J. Guo and M. Lundstrom Appl. Phys. Lett. 86, 193103 (2005)

E‘
8 ——————ballistic
%: Aop=15, Aap—re N
6 P50, A0 .
4 2T =500, Aop=15 4} Blocked states S| topofe bamier -
[a] e

2 Bt (a) (b) - Ecly)
Aap=15, Agp—o 0 10 20 30 40 50 I Position, x

0 ] x (nm)

0 0.2 0.4 . N
V() FIG. 3. Optical phonon scattering in CNTFETs) A snapshot of the elec-
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tron distribution at the steady state fé5=V;=0.4 V withAB2"=15 nm and

FIG. 2. Scattering in CNT MOSFET$a) A coaxially gated CNTFET with A2, =500 nm. The solid line shows the first subband edgleA sketch for
doped source/drain. The tube diametedis 1.4 nm with a band gaji, OP scattering at a large gate overdriek at the top of the barrieE,, is

~0.6 eV. The total tube length is 50 nm, with an intrinsic channel gf also shownug and up are the source and drain Fermi levels, respectively.
=20 nm, and a doped source/drainlef=L,=15 nm. The gate oxide thick-

ness ist,,=3 nm, and the dielectric constant#s16. (b) The simulated,

vs Vp atVe=0.4 V for five casesti) solid: Ballistic transport(ii) crosses: ~ Elastic scattering has a rather small effect because of the
OP scattering only, int[?\?)'%E 15 nm andh¢jasic—°°, (iii) dashed: Elastic Ion% elastic mfp. In contrast, for a short elastic mfp of
scattering qnly, wltmﬁg’sﬂczsoo nm ancv\%%?oc, (iv) Circles: elastic anq )\Q:gsticz 15 nm(which corresponds to a thermal average mfp
OP scattering with\ =500 nm and\g@'=15 nm, and(v) dash-dot: of <)\ela3m>~3 nm near the top of the barrjetthe transistor

lasti g
Strong elastic scatte?i;sglcwimg}g';icz 15 nm and\gp— . g e

only delivers~10% of the ballistic current, as shown by the
dashed-dotted line.

semiconducting tube at high energies approaches that of a Compared to a Si MOSFET, elastic scattering has a

metallic tuggh’ so the mfps of a semiconducting tube at hlghmuch stronger effect for a CNTFET. It has been reported that

; high ;
enbergllt_aﬁ Aelastic ar)d Aop a_Iso apprpach d thqse ofba metalrl1|c Si MOSFETSs with a channel length several times longer than
It:]“' Fe|g 1ei:C(?c§trﬁ;3?e(rja:g/m a semiconducting tube, as s “WHe elastic scattering mfgdue to, for example, surface
T roughness scatteringan still operate at nearly 50% of the
1 ve D(E) v D(E-fwop ballistic limit.t"*® This difference results from the difference
AE) ~\high p \high D , 2 between 1D carrier transport in a CNT channel and 2D in a
| Melastic 0 Telastic 0 MOSFET channel. For a MOSFET, the firkastates for an
where xg;g';n =500 nm is a typical high-energy mfp for AP elastic scattering event distribute (k,k,) plane. For most
scattering,k@%hz 15 nm is a typical high-energy mfp for OP final states, a carrier does not possess enough backward ve-
scattering, andtwop=0.16 eV is a typical OP energyOnly  locity along the channel direction after an elastic scattering
OP emission was treated because at thermal equilibriungvent to overcome the barrier, and return to the source. For
hwop>kgT, so the phonon population is smallthe effect  this reason, scattering near the drain has much less of an
of hot phonons will be discussed laer. effect on lp than scattering near the source end of the
Pauli blocking is an important factor that is treated usingchannef® (Of course, scattering near the drain causes the
a rejection technique as described by LdgliThe carrier space-charge density to build up, which has an indirect,
distribution function is updated after each time step, so thathough potentially strong, effect on the current of a short-
when a scattering event occurs, the probability that the finathannel MOSFET?%?*In contrast, for a carrier with a wave
state is available can be evaluated. A random number berector + in a CNT, the only available final state after a
tween 0 and 1 then determines whether the scattering is peseattering event isk because of the one-dimensional chan-
mitted. To treat transistor electrostatics, Poisson’s equation isel geometry. The magnitude of carrier velocity along the
solved self-consistently with the transport simulation. Twochannel direction remains unchanged and the carrier can
types of contacts are treated. For a CNT MOSFET withovercome the top of the barrier and return back to the source.
doped tubes as source/drain shown in Fig) ¥ the con-  Elastic scattering anywhere in the channel affects the source-
tacts are assumed to be idéefithout reflection. For CNT  drain current equally. The effect of a short-mfp-elastic scat-
Schottky barrier(SB) FETs as shown in the inset of Fig. tering in a nanotube/nanowire transistor is much more severe
4(a),*® we treat the tunneling of carriers through metal-CNT that in a typical MOSFET. Because the elastic mfps are so
junctions as follows. For a carrier injected to a SB, the transiong, however, we do not expect elastic scattering to have a
mission probability through the SB is evaluated using thestrong effect on short-channel CNTFETS.
Wentzel-Kramers—Brillouin approximation. A random num- We next explore the role of inelastic optical phonon scat-
ber between 0 and 1 is then generated to determine wheth&sring, which has a much shorter mfp, and scatters carriers
the carrier tunnels through the SB or gets reflected. Such agven in a short CNT at high bias&6The circles in Fig. &)
approach has been previously developed to treat Si SBFETshow the current-voltagé p-Vp) characteristics in the pres-
and validated by experiments for a channel length ofence of both elastic scatteririgith A1, =500 nm and OP

<30 nm?® scatteringwith AT19". =15 nm). Compared to thés-Vp only

elastic™

We first simulated a CNT MOSFET with doped tubes asin the presence of elastic scatterifgth )\giggtic: 500 nm and
source/drain extensions, as shown in Fig) ZTo explore the )\gghﬂoc), as shown by the dashed line, a short mfp OP
role of elastic scattering in CNTFETs, we first treated onlyscattering has little effect oh,. Figure 3a), which plots a
elastic scattering in the CNT channel and omitted OP scatsnapshot of the steady-state carrier distribution at on state,
tering (\gg"— +). For a long elastic mfp of\Jj%.  explains the reason. Before a carrier injected from the source
=500 nm[which is typical for a high-quality CNTRef. 6,  reaches the top of the barrier, Pauli exclusion suppresses OP
and results in a thermal average mMiRasio ~ 90 Nm near  emission. As shown in Fig.(8), the —k states below the top
the top of the barrigr the transistor delivers-80% of the  of the barrier at the source end of the tube are filled accord-

ballistic on current, as shown by the dashed line in Fif).2 ing to the source Fermi level, and are full. OP emission low-
Downloaded 02 May 2005 to 128.227.120.208. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp




193103-3 J. Guo and M. Lundstrom Appl. Phys. Lett. 86, 193103 (2005)

has little effect on the source-drain current at modest gate

@ allstic biases in a SB CNTFET.
= O 2ap=500, Aop=15 As mentioned earlier, only the first subband is treated in
3‘2 3 Pl | this study, but an energetic carrier near the drain end of the
-2 channel can scatter to higher subbands. After a carrier is
1 scattered to a higher subband, however, the potential barrier
S o1 0z 03 0@ 0 20 40 60 between the carrier and the source increases, and it becomes

Vv, V) x (nm) more difficult for the carrier to return back to the source.
FIG. 4. Scattering in CNT SBFET$a) I vs Vp at V=0.4 V for ballistic ImerSUbbanq Scatt?nng’ the.refore’ will not change the con-
transport(solid line), and in the presence of both elastic and OP scatteringCIUSIOn that inelastic S_Catte”ng has a small eﬁec"[ on the dc
with \9h. =500 nm and\}i"=15 nm (dashed line with circles The inset ~ current. As also mentioned earlier, only OP emission was
shows the simulated CNTFET with metal source/drain. The SB height fotreated, because essentially no optical phonons are present at
g!ZrCrt\reotgf .;"58"1:40}]:“* _'t';tgns'% gheat;‘“_‘r"héeggttg s gg o :;sds t,*s‘es t:r?qe thermal equilibrium. Optical phonons, however, can build up
| 1S~ 1. Wi g~ V. . XI | | i .

with a dielectric constant ok=16. (b) A snapshot of the electron distribu- and be reabsorbed by source InJeCte_d eleCtr_OnS' Detailed
tion at the steady state faf,=V=0.4 V with OP and elastic scattering.  treatment of hot phonon effects requires solving electron-

phonon-coupled Boltzmann transport equation, which is be-
ers the carrier energy bjwop, Which results in a final state yond the scope of this study. Simple estimation shows that

that is already occupied. Such a scattering event is prohibitetﬁmséI OPsaatrr:a enfmtted t\;]vherkgomg electrons are :aackisgat- N
by Pauli exclusion. After the carrier travels over the top of ered, an erefore, the€y possess a wave vector aleng
the barrier. OP emission can occur. Such OP emission. hovfirection. When such OPs are reabsorbed, electrons are scat-
ever. does not affect the dc source-drain current. At m'ode%ered toward the drain rather than back to the source, which

gate bias, the top of the barrid,,,, is only modestly below oes not lower the source-drain dc current. Our neglect of
the source Fermi levéjus—E <ffw ). After OP emission OP phonon emission and intersubband scattering is justified
a carrier loses energy (Sﬁfwc;(;p(~0 log eV}, and it does no,t because this study is concerned with the effect of scattering

have enough energy to overcome the barrier and return to ! the dc current under high-bias conditions.

source. The large OP enerdfiwop~0.16 €V in CNTs The authors thank A. Javey and Professor H. Dai of
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