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Transport through the interface between a semiconducting carbon nanotube and a metal electrode
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We report a numerical study of the tunnel conductance through the Schottky barrier at the contact between
a semiconducting carbon nanotube and a metal electrode. In a planar gate model the asymmetry between the
p-doped and the-doped region is shown to depend mainly on the difference between the electrode Fermi level
and the band gap of carbon nanotubes. We quantitatively show how the gate/nanotube distance is important to
get large on-off ratios. We explain the bend of the current versus gate voltage as the transition from a
thermal-activation region to a tunneling region. A good agreement is obtained with experimental results for
carbon nanotubes field-effect transistors.
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Recently, we have reported logic circuits with carbonmeasurements with a semiclassical model based on Poisson’s
nanotube transistorsSingle-wall carbon nanotubd€N’s) equation. Our method of calculation is similar to that in Ref.
are novel quantum wires consisting of tubular graphitell, but our model incorporates a planar gate and a CN con-
sheet€ which can be synthesized in structured nm in ~ Necting strongly to a bulk electrode, instead of the coaxial

10,11
diameter and microns loritf The one-dimensional @) na- ~ 92t€, " 1d electrode/, or weakly contacted CN at the

ture of CN's requires careful analysis with respect to thelnterface”®*°By using this realistic model, we evaluate the
screening and the band bending near the contact to the elefJITeNt Versus gate voltage and compare that quantitatively
trode. The purpose of this study is to calculate the transmis,t-0 the real device. A good match is obtained. The numerical

. - . . results of our calculation are shown in detail. Finally, we
sion probability _through _the Schottky barrier at the Ir]ten‘""cediscuss how we can improve the device in order to getybetter
between a semiconducting CN and a metal electrode and

o ; Wansistors characteristics by changing the material and the
compare it with the experiments.

, geometry of the device.
The contact between metal electrodes and CN's has been |, oyr devices, the gate consists of a microfabricated Al

studied theoretically beforé:"*The transmission at a contact yire with a well-insulating native A0, layer, which lies

has been evaluated ap initio calculatiori ™" as well as by  peneath a semiconducting CN that is electrically contacted to
using simple model$.*° Using the latter, it has been shown two Au electrodes on CN. In this configuration, the,@}

that the charge transfer in CN's is dramatically different thanayer of a few nm thickness is much shorter than the separa-
in 2d or 3d systems and that this strongly modifies the bandion between the contact electrodes 100 nm). Capaci-
bending near the contatt™ The band bending varies tance measurements on two large Al films separated by the
slowly with a logarithmic dependence on the distance in asame aluminum oxide layer gives a thickness of 2 nm,
coaxial gate model where the gate electrode is a cylindewhereas ellipsometry measurements give a value of around 5
surrounding the CN%!! The variation in distance depends nm. Figures a), 1(b), and ic) show measurements of the
on the gate voltage, but is on the order of the radius of theurrent as a function of the gate voltage for three different
cylinder. For the same reasop;n junctions of d CN's  samples. The bias voltage =5 mV and the measure-
have been shown to behave differently than conventiprral ~Ments are done in vacuum and at room temperature. Strong
junctions!? doping fromp to nis achieved for all samples. Interestingly,

Experiments on samples with semiconducting tubes actaN @symmetry is observed. There are some sample depen-
ing as field-effect transistors have been reported previdences: We can see a smaller on-off ratio df roFigs. 1b)
ously®*" The Schottky barrier was studied by transport 1d X0), compared to the large on-off ratio 2101 Fig. 1(a).
and scanning probe experimenhtsTypically, an oxidized Si The asymmetry of Fig. 1a) IS stronger than F'g'@' The
wafer was used as the gate. The distance between the gd&fd"ent in the valence band is gradually decreasing and then
and the CN typically was long, on the order of the CN rapidly decreasing in Fig.(&), but the decrease is slower in

length. Transconductance measurements showed that tﬁ'ﬁgs' Iib) and 1c). We wil fit these experimental data by

" . merical calculations based on our model and explain how
tubes werep doped, and that the capacitive coupling betweeny,oqe sample dependence can be understood from our model.
the CN and the gate was too weakriadope the CN. Re-

. . ' We assume an end-bonded contact model in the calcula-
cently, various groups have improved the sample device angh, \which means that the electrons tunnel in the end of the

have reported strong doping framto p type by using a Very  type from the metal contact. Indeed, Bockrathal. have
close gate of oxidized Al,large diameter nanotubé>* or  shown that the CN is cut into segments when the electrode is
annealed nanotubés?® patterned on top of the CN and that transport involves tun-

In the present work, we report calculation of the conduc-neling into the ends of the nanotuff&We used a planar-gate
tance as a function of the gate voltage in a semiconductingnodel as shown in Fig.(fl). A CN is surrounded by dielec-
nanotube. We compare this with experimental data. Theric material of dielectric constant=5, with a distanceRg
sample layout is characterized by a planar gate that lies verfyfom the gate. The Poisson equation relates the potential
close to the CN. The gate thus strongly screens the Coulomé(y) at the surface of CN to thedlcharge density(y) in
interaction between the electrons in the CN. We compare ththe CN and the potential’(y) of the gate,
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B, A where F(€)=1/[exp(e/ksT)+1] is the Fermi distribution
Gate Voltage Vg [V] Gate Voltage Vg [V] function. Equation(7) is valid if Eq(y) varies slowly on the
107 A scale of the Fermi wavelength.
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FIG. 1. (@—(c) Experimental (V) data for three typical nanotube tran- Kn==|n— 3|, (9)
sistors. The experimental results are shown by dashed lines. The results R 3

from the calculation are shown by solid linéd) Model of the semi-infinite the band parametey=+/3a+v./2. and the transfer intearal
planar gate az=0 andy>0. The sourcdor drain electrode is an infinite 26 P il \/— Yols 9

| =0. 0 .
plane aty Due to the conservation of the total electron energy the

charge neutrality level is related to the electrostatic potential

b=+, D Eq.(D),
$¢=Ugpq, ) Eqg(y)+ed(y) =AW, (10)
© where AW is a constant and one of the fitting parameters.
¢q =MV, () Note that, althougiAW relates to the work function differ-

ence between bias electrodes and CN’s, it strongly depends
on the surface and randomness near the contact.
We solve Egs(1), (7), and(10) self-consistently to obtain
2 the potentiale(y) with a boundary conditiorp(0)=0. In
Uq=;{lo(qR)Ko(qR)— Ko(29Rs)}, (4) (r)i(r:dse(r)lj(r)cggsure the boundary condition, we use antisymmet-

Mq=exd —|q|Rs], 5 W(y)=Vgsgny) (11

wherel, andK, are the modified Bessel functions. The first andAWSsgn(y) instead of the right-hand side of E4.0). For

term of the kernel Eq(4) describes the self-capacitance this purpose, image charges at the opposite side of the inter-
within the tube. The second term is the term of mutual caface between CN and the metallic electrode have been added
pacitance, i.e., the Coulomb potential due to the charge ot EQ. (6).

the gate, which is induced by the charge on the CN. The Transmission coefficients for a single barrier are calcu-
analytic expression is a good approximation for the dase lated in the WKB approximation. The transmission coeffi-
>R. In calculation of the mutual term, we approximately cientT, to the states of thath band in the CN is given by
presume the CN to be a wire, instead of taking into account 5 — 5
the dependence aof the charge density and the potental T (E):ex;{ _f PN \/(ﬁ) _(E—EO(Y)) dy} (12)
on the surface of CN. Furthermore, the interface between the " 0 Ko €(0) '

insulator and vacuum in the experiment is ignored in theWhere the half of the band gag{0)=y/3R, the integral is
model. We can neglect the correction of an image charge i ken in the barrier, and the enerfyis me'asured from the

the insulator a the_ opposite side of CN n the secondierm ermi energy. The calculations show that the contribution of
Eq. (4), because it is shown in the calculation that the seconqhe higher sub-bands is negligible compared with that of the

term is m.L.‘Ch smaller than the f|rs.t term. lowest band, because of the effectively huge barriers for
__Inequilibrium, the charge density is related to the ener9%ose sub-bands. For small bias voltadethe current is
Eo(y)=Eo(y) —Er of the charge neutrality leve, of the  given by the Landauer formula at finite temperature by the
CN measured from the Fermi leve:. We obtain use of the calculated potential. A correction for impurity
scattering is ignored, since the transmission probability in the
CN is much larger than the tunneling probability at the
sgrty). (6) Schottky barrier. We can ignore interference within CN'’s at
room temperature, and the use Ohm’s law for the series re-
with the lattice constard, the pinning strengtld, an effec-  sistance of the two barriers near source and drain electrodes.

with the Fourier transformatiog, and W of the potentials
¢(y) andW¥(y), respectively, and

8mR — yid f
P(Y):Po(y)+@e DoEo(y)e +-

073307-2



BRIEF REPORTS PHYSICAL REVIEW B56, 073307 (2002

= 3F Ec | =~ 3F = 1w IRS/F!=é T T T T |_
g2 E, | 9.5 A Ec ] : ------ ];0' ThN T ]
d 1 ———— ¢ A —~-=.10, " de
5 1| - 5 1 = w7 [ <\ s .
. . /’T % o Er 1 P 4 .8\ .\\\ / ‘/./_/_,
S =] R S T 108 1 ’ e .
= 1| 4 <= 1 EV = = 3 7
= ) 2 N i/
g2 1 82f ] g w0 PR E
U:J 3@ T Ll‘i 3 - (b) ] 5] Thermal Il i

0 : 1(;0 - 0 : 00 100 L ActivationlI i ol

Position (units of R) Position (units of R) wn b | i 1

. 3F T J . 3F T = “'n
—_= [ = 1 - 1 1 Iy al 1 | |
S 4 € 2f N e
o 1 S 1 Gate Voltage: Vg [V]
_@ 0 L EF *2 0 .
5 Eo g FIG. 4. Calculated current for several gate distafteg and AW
g T g o1 =0.65(0), Dy=0.1. The dashed line on the left shows the thermal-
5 2r A activation slope of-e/kgT.
G 3sf© ——— & 3]

0 100 0 100 n doping regions. In the fit of our model we have used four

Position (units of R) Position (units of R) parameterRs, AW, f, andDy. Rs and AW are the most

important parameters. Th n rincipall n
FIG. 2. Calculated bottom of the conduction band and top of the valence[h portant pata i?NS Th N gap Sepe f?; principa tRafa g
band from the contact to the middle of CN for gate voltaggs: —2.3 (a), € asymmetry 0 : € variation or theé parameieran

~0.5(h), 1.2(c), and 2.1(d). The corresponding current is shown in Fig. 3 Do is used for the fine-tuning. The parametéras an influ-

of AW=0.65(0). The arrow in(c) illustrates the effect of a higher sub- ence on the overall slope of the curves, &lon the slope

band. far from the gap. The values of the fitting parameters are
given in the inset of Fig. 1.

We now calculate the transistor characteristics for the CN Figure 2 shows the band bending as a function of the
devices. In the following numerical calculations, a number ofposition from the electrode to the middle of the CN for dif-
parameters are fixed at the experimental values. The enerdgrent gate voltages. The bands have been calculated with the
gap is fixed at 2(0)=0.7 eV, which is the average value parameters used for the fit in Fig(al The different band
measured on nanotubes with STMBy taking the experi- diagrams show tha¥, successively shifts the Fermi energy
mentally deduced valug,=2.6 eV this results in a ra- from the valence band to the gap, and then to the conduction
diusR=0.53 nm. The calculations are done for a nanotubéand. It is thus possible to electrostatically change the dop-
with a length of A=380R=200 nm and surrounded in a ing of the nanotube over the full range frgorto n doping.
uniform dielectric withx=5. The bias voltage is set &t The Schottky barrier height is not expected to be pinned
=5 mV and the temperature d&t=300 K. Note that the at the middle of the gap, as is usually the casedna&nd is
horizontal position of the(V,) curve is a free parameter in that expected for an unpinned junction. The reason is that, as
our fit. We make this choice because experimentally théas been shown theoretically, the effect of the metal-induced
wholel (V) curve can be shifted horizontally in a hysteresisgap staté? is limited, because they are on the ring at the
way when voltages as large as 4V are applied on the gatéontact, instead of a plane for a conventional bulk junctibn.
This hysteresis is also observed in samples with a Si gate arfdere, the barrier height is equal &0)— AW for p-doped
possibly originates from trapped oxide charges within theCN’s [Fig. 2a)], ande(0)+ AW for n-doped[Figs. Ac) and
insulators. 2(d)]. The barrier is lower and thinner in Fig(& than in

Figures 1a), 1(b), and 1c) show that the calculateldV,) 2(c) and Zd), because the Fermi level of the electrode is
are in good agreement with the measurements. The modélose to the top of valence band. This gives the asymmetry in
reproduces the gap as well as the asymmetry op tred the  the I (V) curves between the two regions.

Figure 2 shows also that the band bending varies very
. smoothly in space. The strongest band bending variation oc-
curs at a length scale of the order of the separation between
the CN and the gate, in agreement with the calculations
where the gate is modeled by a coaxial métdt Super-
posed on this variation, weak kinks can be observed. These
kinks are situated at the integer multipleegf); anexample
is indicated by the arrow in Fig.(2). After the next sub-band
is occupied, the screening becomes stronger. The kinks are
due to the divergence of the density of state at the sub-band
edges.

Figure 3 shows the variation d{V,) for different AW
values. The parametely, f, andD are taken equal to what

FIG. 3. AW dependence of the current fB/R=48 andD,=0.1. The ~ Was obtained in Fig. (&). The arrows(a),(b),(c), and (d)
experiment shown in Fig. (& can be fitted by the calculation faxw  indicate the gate voltages for which the band diagram was
=0.65(0). represented in Fig. 2. The current is surprisingly larger for

AW/e(0)=0.95
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situation(b) than for(c) and(d). Although(b) corresponds to  with Boltzmann constankg, as shown in the figure by a
the case that the Fermi level lies in the gap, a nonzero curreiashed line. For smalRg values, the band bending is mainly
passes through the tube due to the broadening of the Ferrdcated near the interface. This changes for ldRge Then,
distribution function at 300 K. Iric), the Fermi level lies in  the band bending variation be_comes comparable to the nano-
the conduction band, but the large barrier hardly allows fortube length and the exponential dependence changes.
electrons to tunnel. The current therefore is lower than The separatiofRs between the CN and the gate as found
10712 A, the lower limit in the measurements. in the fit appears to be larger thanR8This value is in

The calculated current is also shown for otdeW. The  relatively poor agreement with the experimental value that is
on-off ratio increases with W, because the Schottky barrier Of order 1®R. This discrepancy probably originates in the
is thin and low for largeAW. This indicates that the Fermi description of the bias electrodes. In .thg experiment, the
energy should be located as close as possible to the valenglectrodes may .better screen the electric flglds from the gate
band edge in order to get larger on-off ratios. The maximurd© the CN th_an in the model. The assumption that the elec-
current and the asymmetry also increase Wit. If AW is trons tunnel m_the end_ of the CN may also be too strong. '_I'he
negative, the calculated current is the same after the mirr Iect_rons are in fact likely to tunnel into the CN at a point
inversion of gate voltage around,=—0.68 V that is not right at the electrode edge, but close to it.

Figure 4 shows the dependence of t.l(mf ) éurve on the In conclusion, we have studied the tunnel conductance
gate distanc®;. These calculations show gthe importance Ofthrough the Schottky barrier at the metal_-CN mterfacg with a
the gate-CN separation for the on-off ratio. For thinner insuplamf"lr gate model. Good agreement with the experiment is
lator thickness, a larger on-off ratio is obtained. Indeed, aobtalned for several Samp'?s- The asymmetry between the
thin insulator thickness gives a thin barrier width and thus ao—d_oped and thqn—doped region has been shown to d‘?pe”d
larger current. For the same reason the gap increases Wimalnly on the difference between the electrode Fermi level
Rs. The current corresponding to the conduction band is ouﬁ]nd the band gap of .ca.rbo'n hanotubes. We havel shown that
of range in Fig. 4 forR.=20CR. A very large gate voltage the band bending variation in the nanotube length is long. We

_ e ° . have also shown that the choice of source and drain elec-
Vyg=13.4 V is needed to obtain a current of 8 A. In

previous experiments, the separation between the CN and tﬁ%odes IS important in order to obtain a large on-off ratio. We

gate was large. It indeed did not allow to observe a currenlﬁﬁ'q"’we eXp."'?““ed the bend of the current versus gate voItage as
e transition from a thermal-activation region to a tunneling

corresponding in the-doping region®’ .

Further calculationgnot presented hereshow that the region.
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