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Carrier transport and light-spot movement
in carbon-nanotube infrared emitters
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Infrared emission from a carbon-nanoty@NT) field-effect transistor, with the position of the light

spot controlled by applied bias, was recently reported. In this letter, a self-consistent simulation,

which couples a quantum treatment of the metal-CNT contacts to a semiclassical treatment of the
channel, is performed to understand carrier transport and light emission in a CNT infrared emitter.

The results show that when the channel is long, light emission significantly affects carrier transport,

and reduces the source—drain current by a factor of 2 in ambipolar transport regime. The

experimentally observed light-spot movement along the channel can be mostly understood and
explained by a simple, semiclassical picture2@05 American Institute of Physics

[DOI: 10.1063/1.1848186

Although application of carbon nanotub€€ENTSs) in r.=30 nm, the tube diameter @&s=2 nm, and the tube length
electronic devices has been extensively pursued in the last L.,=10 um. Because light emission occurs when the tran-
decadé;? its application in optoelectronics has begun onlysistor is biased at ambipolar transport regime, a mid-gap
recently. Since the first demonstration of Ilght emission frommetal-CNT Schottky barrie(®g,=®g,=Eg/2) is assumed
an ambipolar CNT field-effect transist¢FET),? rapid ad- in the simulation.
vance in CNT optoelectronics has been achi¢adn in- A self-consistent simulation between Poisson equation
teresting behavior of CNT IR emitters due to the one -and the carrier transport equation is performed to simulate
dimensional channel geometry was recently repofted.the CNT IR emitter. Figure 1 outlines the method for solving
Infrared emissioh from a long CNT forms a light spot, the transport equation. When the transistor is biased at am-
which moves along the tube with applied bias. A detailedbipolar transport regime, holes are injected from the source
theoretical study of the experiment can provide importanto the channel and electrons are injected from the drain. The
insights into how interplay of electrostatics, carrier transporthole current through the Schottky barrigB) is computed
and optical radiation interplay determines both the electricalising a quantum treatme
and optical properties of a long-channel CNTFET.

In this letter, a self-consistent simulation is performed q
for a long-channel CNTFET with IR emission. A quantum  'n= T f dET(E)[fo(E - Fp) — fo(E - Ers)], (1)
treatment of carrier tunneling through the metal-CNT con-
tacts is coupled to a semiclassical treatment of carrier trangvhere T(E) is the transmission probability through the SB
port and infrared emission in the channel. The results showcomputed by the Wentzel-Kramers—Brillouin approxima-
that carrier transport in the long channel is significantly af-
fected by infrared emission at ambipolar-transport regime.
Both electron current and hole current are strongly position-
dependent near the light spot, and the total source—drain cur-
rent is reduced by a factor up to 2. The major features of the
light-spot movement observed in the experiment can be cap-
tured and understood using a simple, semiclassical picture.
The simulation results indicate strong correlation between
the optical and the electrical properties of a long-channel
CNTFET.

In order to understand the experlmental results for a
CNT IR emitter reported by Freitagt al,” a CNT emitter
with a geometric size similar to the experiment is simulated.
A coaxial gate rather than a planar gate is used to facilitate
self-consistent simulatioh(The gate geometry is not central
to the study, i.e., the conclusions about carrier transport anfig. 1. solving the transport equation for a long-channel CNTFET at am-
light-spot movement remain true for planar-gate geometry.bipolar regime. A quantum treatment is used to compute the currents

The gate oxide thickness ﬁ§<: 100 nm, the contact radius is through the Schottky barriers at the ends of the channel. A semiclassical
drift-diffusion treatment is used to describe carrier transport in the long
channel, along with a band-to-band recombination process to describe infra-
3Electronic mail: guoj@ufl.edu red emission.
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tion for tunneling and equal to 1 for thermionic emissids, 25 ox10°
is the hole quasi-Fermi level in the chanrgigis the source 5 (b) Ne
Fermi level, and is the Fermi—Dirac distribution function. S1s E1-5 Np
The electron current injected from the drain is computed@ ] =
similarly. 3 o 8
The long channel length imposes challenges for a full" ‘0 %04
quantum treatment, but carrier transport at this length scale i: 77
dominated by scattering and can be described by a drift ~ © X[Sm] 10 % x[ﬁm] 10

diffusion equation.(For example,|-V characteristics of
CNTF_ETS with a channel Iengtg dO\_Nn t_o aboyp«ﬂn canbe  Fig. 2. Band profile and charge density in a CNTFET with a channel length
described by the square ldWw!? which is derived from a Le»=10 um. (a) The conduction and valence bands vs the channel position
drift-diffusion treatment of the Channa) Drift-diffusion at Vg=-1.01V andVp=-2.02 V. The solid lines are the self-consistent
equation has also previously been used to treat light emiSSiQ'erIutlon, and the dashed lines are the Laplace solytidrich omits charge

. . 4 in the channél (b) Hole density(with a peak value near the souycand
and lasers in Compound semlconduct]or£5. We, therefore, electron densitywith a peak value near the draims the channel position

gdopt a 'dri.ft'dif.fUSion treatment for carrier transport andsor two bias conditions. The solid lines are fdg=-1.01 V,Vp=-2.02 V,
light emission in the long-CNT channel. The electronsand the dashed lines are fgg=-0.95 V,Vp=-1.99 V.
(holeg satisfy the continuity equation in the chanhl,

dn 1dJ d 1d3 positive near the source, but negative near the drain. A self-
—=-—""T_R, ap__ 0% _ R, (2)  consistent potential with an electric field along the channel is
dt qdx dt  gadx produced by this charge distribution, as shown by the solid

wheredn/dt=dp/dt=0 at the steady state, adg (Jj) is the Iines_ in Fig. 2a), and driv_es a drift current in the channel. In
electron(hole) current computed by drift-diffusion equation. ambipolar transport regime, self-consistency between elec-

(The mobility in semiconducting CNTs is characterized to belf0Statics and transport results in opposite charge density
1000—100 000 cR1V s at low field™ 218 and it decreases peaks at the two ends of the channel, which provide the

at high field"” A mobility value of =1000 cn3/V s is used driving force for both drift and diffusion currents through the

in this study, and the role of mobility will be further dis- charlllnel. | how infrared emissi ff .

cussed latey.R is the radiative band-to-band recombination ext, we explore how Inirared emission afiects carrier

rate (the photon emission ratd transport in the channel. The curv@égin Fig. 3a) plc.)t. the
hole and electron current versus the channel position for a

R=B(np-n?), 3) long-channel CNTFETL.,=10 um) exactly biased at am-
p—n; : 9,20 .

bipolar condition>“~ The electron current, injected from
wheren(p) is the electron(hole) density,n; is the intrinsic  the drain equals to the hole curreny, injected from the
carrier density, an@ is the bimolecular recombination coef- source. The radiative recombination rate= B(np—niz),
ficient that is determined by the strength of radiative recomreaches its maximum value at the middle of the channel,
bination in the material. Notice that the measured size of thguhere the electron density, is close to the hole densitp,
light spot(2—4 um),” which is controlled byB and, is an  Both the electron current and the hole current are strongly
indication of recombination strength. A largBr(which cor-  position-dependent near the light-emission spot at the middle
responds to a shorter recombination lifetinog a smallerw  of the channel. When the channel length is longer than the
(which corresponds to a slower carrier velogitgsults in a  radiative recombination length, electrons and holes are com-
smaller size of the light spot. By fitting to the experimentally pletely annihilated in the channel, and the total source—drain
measured size of the light spot, a valueB#200 cm/s is  current, Ip=1,=1,,=-0.10uxA. For comparison, we also
obtained foru=1000 cn?/V s. For determining an accurate simulated a CNTFET with a channel lengthe,=1 um)
value ofB, accurate characterization for the size of the lightshorter than the radiative recombination len¢fth—4 pm”).

spot and the carrier mobility is needed. _ In contrast, the effect of radiative process on carrier transport
The semiclassical treatment of the channel is coupled to

the quantum treatment of the contacts in the following way.
Because the length scale over which tunneling occurs is
much shorter than the total channel length, the current com-
puted by Eq(1) is imposed as a current boundary condition
to the drift-diffusion equation in the chanr@l*® Carrier in-
jection into the gate oxide is not treated.

We first investigate the role of self-consistency between -
electrostatics and carrier transport. Figu¢a) dlots the con-
duction and valence bands versus the channel position at
Ve=Vp/2=-1.01 V. Because the channel length is much
larger than the gate oxide thickness, most of the channel is
well controlled by the gate, and the Laplace solution, which
omits the charge in the channel, remains flat along the chan-
nel. In order to sustain the holelectron tunneling current _ N _
nfeced from the sourora contact, adifusion currents 29, (Cokr 579 1od e, s o 0 ekt o
needed Ir_] the channel. As a result, the h(glectror) d_enSIty position for(i) Lch:JIO pm, Ve=-1.01V,Vp=-2.02 V,(ii) shorter channel
reaches its peak value near the soui&in), and linearly it L =1 um, Vg=-1.01V, Vp=-2.02 V, and(iii) L,=10 xm, Vg=

drops toward the draitisourcg. The net charge density is -0.95V,V,=-1.99 V.
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x 10" wheren=p shifts toward the source, and the light spot moves
2 toward the source. Similarly, fdVg|>|Vp|/2, the electron
density reduces and the hole density increases, and the light
spot moves toward the drain.

The following features are observed in the simulation.
When the gate voltage varies from 0 to —0.95 V, the light
emission spot stays near the source, and the intensity in-
creases when the magnitude \&4f increases. The light spot
only starts to move wheN is very close to the exact am-
bipolar bias,Vg=-1.01 V. As Vg varies from -0.95 to
—-1.05 V, the light spot rapidly moves from the source end to
the drain end of the channel, and the peak value of light
emission remains nearly constant. ¥g further varies from

X [pm] -1.05 to —1.09 V, the light spot stays near the drain, and the
FIG. 4. (Color onling Radiative recombination rai@hoton emission raje 'nt_en5|ty decreases. Compareq to the experiment, .the Simu-
vs channel position wheNg and V;, sweep. The source—drain current is 1ation results capture the major features of the light-spot
kept constant at,~-0.10xA throughout the bias sweep. The numbers movement. The agreement indicates that the movement of
labeled near the peak of each curve @r¥g,—Vp) in units of volts. the light spot can be mostly understood by a simple, semi-
classical picture.
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