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Temperature dependence of the current-voltage characteristics of a carbon-nanotube
heterojunction
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Electrical transport properties of a heterojunction consisting of two multi-wall carbon nanotubes were
studied. The current-voltage characteristics of the junction exhibited reproducible rectifying behavior which
could be explained well by the Schottky barrier junction model in the intermediate temperature region. The
barrier height and the diffusion potential were determined by fitting the current-voltage characteristics to the
generalized diode equation. Noticeable deviations from the ideal behavior were observed both in high and
low-temperature regions.
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Carbon nanotube~CNT! is a macro-scale molecule wit
noble electrical and mechanical properties.1 CNTs can be
either metallic or semiconducting depending upon th
chirality, diameter, and length.2–4 Since the discovery o
CNTs there have been many efforts to use them for e
tronic devices. A variety of CNT-based electronic devic
such as single electron transistor,5,6 field effect transistor,7–9

cross junction,10 and heterojunction11–14 have been realized
and studied. It has been shown that the low-dimensional
ture of the electronic transport in CNT modifies the dev
characteristics significantly.5,13,14 Theoretical studies on a
CNT/CNT junction showed that the charge depletion reg
could extend over the entire tube due to the long-range C
lomb interaction in a single-wall CNT.14 A heterojunction
made of two different types of single-wall CNTs then w
expected to giveI -V characteristics different from that o
conventional semiconductor heterojunction.15

In this paper we report the temperature dependence o
I -V characteristics of a CNT heterojunction consisting of t
different types of multi-wall CNTs. Our major findings ar
~1! the multi-wall CNT heterojunction exhibits reproducib
rectifying behavior and~2! the temperature dependence
the I -V characteristics is well explained by the convention
Schottky-barrier junction~SBJ! model in the intermediate
temperature region and~3! the semiconducting multi-wal
CNT in our sample is more like an intrinsic one than
heavily doped degenerated one.

The multi-wall CNTs synthesized by arc dischar
method were prepared on a Si substrate with 500-nm-th
thermally grown SiO2 layer. The patterns for electrical lead
were generated by using electron beam lithography onto
selected CNT and then 20 nm of Ti and 50 nm of Au we
deposited successively on the contact area by thermal ev
ration. To form a stable Ohmic contact between the CNT a
the Ti/Au electrode, we performed rapid thermal annealing
600–800 °C for 30 s in vacuum.16,17 Each metal/CNT con-
tact exhibited a symmetricI -V characteristics in the whole
measured temperature range and possible formation of a
in the contact was excluded.

Figure 1 is the scanning electron micrograph of t
sample which consists of two straight multi-wall CNTs co
nected in a kink with an angle ofu'23°. The kink was
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formed naturally during the sample growing process and
two straight CNTs, having almost an identical diameter
about 30 nm, were considered to be connected seamle
with a heptagon-pentagon defect in the kink region.11 Two
CNTs connected seamlessly with a kink have differe
chiralities, which can be manifested by different energy g
We measured theI -V characteristics of each straight CNT
the two-probe measurement configuration. As shown in F
2~a!, the upper CNT exhibited vanishing differential condu
tance at low bias voltages. The differential conductance
creased almost linearly above the gap region. We took
energy gap by extrapolating the linear fitting curve in t
high bias region to the voltage axis. Since there were t
contact junctions connected in series, the energy gap
doubled. The energy gap of the upper CNT was then e
mated to be about 150 meV. The lower CNT, on the ot
hand, exhibited a depleted but nonzero differential cond
tance at zero bias as shown in Fig. 2~b!.18

Consisting of two straight CNTs which have different e
ergy gaps, the sample can be considered as a heterojunc
The upper CNT is a semiconducting one with an energy
of 150 meV and the lower CNT is either metallic or sem
conducting. If the lower CNT is metallic, it is natural t
consider the kink as a metal-semiconductor junction w
probable formation of a SBJ.19 If the lower CNT is a small
gap semiconductor, the kink can be considered as an iso
heterojunction, consisting of twop-type semiconductors.20

FIG. 1. The scanning electron microscope image of the sam
The kink junction is shown between the electrodes 3 and 4.
©2001 The American Physical Society04-1
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For ap2p heterojunction, a spikelike bending is formed
the valence-band edge of the larger gap semiconductor.15 If
the energy gaps of the two semiconductors are widely dif
ent from each other, as in our case, the effect of the spike
bending can be neglected and the SBJ is a good model
tem for the heterojunction. The inset of Fig. 1~b! shows the
schematic energy band diagram of the SBJ. Determinatio
the barrier height (fb) and the diffusion potential (VD) is
essential in understanding the electrical transport prope
of the SBJ.

We measured theI -V characteristics across the kink. Un
like those of the straight parts, theI -V characteristics of the
kink was highly asymmetric and exhibited rectifying beha
ior as shown in the main panel of Fig. 3. Rectifying behav
was observed for any selection of electrodes across the
and nonlinear behavior persisted up to 250 K. Both two- a
four-probe measurements gave similarI -V characteristics.
As shown in the inset in the upper left corner of Fig. 3, t
current began to increase sharply at a certain voltage kn
as the threshold voltage,Vth , in the forward bias condition
~a positive bias voltage applied to the upper CNT!. At low
temperaturesVth was nearly identical to the diffusion poten
tial VD ~Ref. 19! and we thus obtainedVD'65 mV. Another
noticeable feature of the differential conductance curves

FIG. 2. Differential conductance-voltage (dI/dV-V) curves of
~a!the upper CNT~electrodes 4 and 6! and~b! the lower CNT~elec-
trodes 1 and 2! at temperatureT54.2 K. Shown in the inset of~a!
is the schematics of the Schottky-barrier junction.
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low temperatures was the occurrence of constant cond
tance region at voltages 200 mV,V,300 mV, which was
attributed to the effect of the series resistance. The inse
the lower right corner of the Fig. 3 shows the wide rangeI -V
curve atT54.2 K. Note that the reverse bias breakdow
occurs rather smoothly, in contrast to the sharp onset of
forward bias current.

A SBJ is said to be ideal if itsI -V characteristics fits well
to the diode equation

I 5I 0FexpS eV

kTD21G , ~1!

whereI 0 is the reverse bias saturation current given by19

I 05AT2exp
2e~fb2Dfbi!

kT
. ~2!

Here A is the Richardson constant andDfbi is the barrier
change due to the bias voltage and the thermal fluctuatio
the image force lowering is the main cause of the bar
change, it can be shown that

Dfbi5CS VD2V2
kT

e D 1/4

, ~3!

whereC is a constant dependent upon the dielectric consta
and the impurity concentration. In general, the ideal behav
of a SBJ is rather exceptional. For many reasons, theI -V
characteristics of real SBJ deviates from the ideal behav
We fitted theI -V characteristics of the kink to the genera
ized diode equation,

I 5I 0@exp~aV!21#. ~4!

Here I 0 and a are fitting parameters. For an ideal SBJ,a
5e/kT must be satisfied.

FIG. 3. I -V characteristics of the junction~electrodes 3 and 6! at
temperatures listed in the figure. Inset in the upper-left corner sh
the differential conductance-voltage curves of the junction at l
temperatures. The overall view of theI -V characteristics at tem
peratureT54.2 K is shown in the inset in the lower-right corne
4-2
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Shown in Fig. 4~a! are the semi-logarithmic plot of th
I -V curves of the junction in the forward bias condition f
several temperatures along with the best fitting curves to
~4!. In the temperature rangeT580 K–204 K, the forward
bias characteristics fits relatively well to the generalized
ode equation in the low bias region. Noticeable deviation
the high bias region reveals that single transport mechan
may not explain theI -V characteristics in the whole bia
range. The temperature dependence of the fitting param
is shown in the inset of Fig. 4~a!. The fitting parametera
satisfies the relationa5e/kT in the temperature rangeT
5100 K–130 K. In this temperature range the reverse b
saturation currentI 0 is expected to follow the temperatur
dependence given in Eq.~2!. Since the image force lowerin
can be neglected in the forward bias condition, the lin
slope of ln(I0 /T2) vs 1/T gives the barrier heightfb . We
obtained the barrier heightfb5124.2 mV.

We also fitted theI -V characteristics in the reverse bia

FIG. 4. ~a!I -V characteristics of the junction in the forward bia
condition~symbols! with the fitting curves~solid lines! at tempera-
turesT580, 100, 114, 130, 150, 174, 204 K. Inset shows the te
perature dependence of the fitting parameters,I 0 /T2 ~filled circle!
anda ~crossed square!. ~b! I -V characteristics of the junction in th
reverse bias condition~symbols! with the fitting curves~solid lines!
at temperaturesT550, 80, 100, 130, 150, 180 K. Inset shows t
temperature dependence of the fitting parameters,I 0 /T2 ~filled
circle! andg ~empty square!.
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condition to the generalized diode equation. For a su
ciently large reverse bias voltage, Eqs.~1!–~3! give

ln~2I !' ln~ I r0!1
C~VD2V!1/4

kT
, ~5!

where I r05AT2exp(2efb /kT). For a convenience, we als
take the exponent 1/4 as a fitting parameterg

ln~2I !5 ln~ I 0!1
C~VD2V!g

kT
. ~6!

Figure 4~b! shows the reverse bias characteristic of the ju
tion with the best fitting curves to the above equation. In
temperature rangeT550 K–200 K, the reverse bias cha
acteristics of the sample was fitted well to the above equa
in the high bias region. The diffusion potentials obtained
fitting were in the rangeVD555 mV–70 mV and exhibited
a weak temperature dependence. Note that the diffusion
tential obtained from the reverse bias characteristics
nearly identical to the diffusion potential estimated from t
threshold voltage in the forward bias condition, 65 m
Shown in the inset of Fig. 4~b! are the fitting parametersg
and ln(I0 /T2) as a function of temperature. Note thatg was
close to the expected value 1/4 in the temperature rangT
5100 K–200 K but exhibited a noticeable deviation fro
1/4 at temperatures below 80 K. By linear fitting of ln(I0 /T2)
to 1/T in the temperature rangeT5100 K–200 K, we ob-
tained the barrier heightfb5123.9 mV. The barrier heigh
obtained from the reverse bias characteristics was alm
identical to that obtained from the forward bias characte
tics.

The I -V characteristics of the kink junction exhibited no
ticeable deviation from the ideal behavior both in low- a
high-temperature regions. In particular,a exhibited saturated
behavior at low temperatures~see the inset of Fig. 5!. The
saturated behavior ofa in the low temperature region is we
known for the conventional semiconductor SBJ and is g
erally attributed to the quantum tunneling effect.19 The tun-
neling effect is non-negligible for the SBJ with a heavi
doped semiconductor. For our sample, however, the se
conducting CNT is very lightly doped. The Fermi level of th
semiconducting CNT~upper one! lies deep inside the energ
gap, i.e., 59 meV above the valence-band edge and 91 m
below the conduction-band edge. The semiconducting C
is more like an intrinsic one than a heavily doped one. O
observations then suggest that a simple tunneling model
not explain the saturated behavior ofa at low temperatures
We have found that the fitting ofa to the conventional tun-
neling model gives a poor result. Such discrepancy may
attributed to the effect of interlayer tunneling between neig
boring graphene sheets. Note also that the effect of defec
deformation in the CNT may not be neglected at low te
peratures.

Nonideal behavior of theI -V characteristics was also ob
served at high temperatures. With the increase of the t
perature, in addition to the thermionic emission, other tra
port mechanisms also begin to contribute to the total curr
Among several known transport mechanisms, the electr
hole recombination current and the effect of the series re

-

4-3



s

ic

s

i-
e
,

lso

m-
mes
t
of

w-
ties
se

rse
the

ge,
ion
the
a-
tly
ual
ed
av-
as
ug-
the

e
to
ning
of

l

tion

H,

s

ed

tin

RAPID COMMUNICATIONS

KIM, LEE, OH, YOO, AND KIM PHYSICAL REVIEW B 64 161404~R!
tance are worth mentioning. If the recombination current i
dominant transport mechanism,a is given bya5e/2kT. If
we defineh5e/akT, h51 corresponds to the thermion
emission current andh52 to the recombination current. A
smooth transition fromh51 to h52 occurs if one increase
either bias voltage or temperature. For our sample,h was in
the range 1,h,2 ~see the inset of Fig. 5! in the tempera-
ture rangeT550 K–220 K. As shown in Fig. 5, the trans
tion from h51 to h52 with the increase of the bias voltag
is evident at the temperatureT5114 K. On the other hand
the I -V characteristics at temperatureT5204 K is well fit-

FIG. 5. I -V characteristics of the junction in the forward bia
condition at temperaturesT5114 K ~empty triangle! and 204 K
~empty square!. The solid lines are fitting curves to the generaliz
diode equation withh51 in the low bias region andh52 in the
high bias region atT5114 K andh52 in the whole range atT
5204 K. Inset shows the temperature dependence of the fit
parametera obtained from theI -V characteristics in the forward
bias condition along with the constant-h curves,h5eV/akT51
and 2.
tt.
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ted toh52 in the whole bias range. Such behavior was a
observed in a conventional semiconductor SBJ.19 With the
further increase of the bias voltage, in addition to the reco
bination current, the effect of the series resistance beco
non-negligible, giving linearI -V characteristics or constan
differential conductance curve as shown in the inset
Fig. 3.

Due to the long-range Coulomb interaction in the lo
dimensional system, the electronic transport proper
of a CNT SBJ are believed to be different than from tho
of the conventional semiconductor SBJ.13,14 Previous studies
have shown that the single-wall CNT SBJs have reve
bias breakdown voltages comparable in magnitude to
forward bias threshold voltage.11,13 For our sample, how-
ever, the reverse bias breakdown voltage,22 V, was far
greater in magnitude than the forward bias threshold volta
65 mV. Furthermore, theory predicted that the deplet
length of a single-wall CNT SBJ changed sensitively on
doping concentration, giving the depletion length comp
rable to or greater than the entire tube length for a ligh
doped CNT.14 Such a long depletion length means that us
rectifying behavior may not be observed in a lightly dop
CNT SBJ. For our sample, however, clear rectifying beh
ior was observed although the semiconducting CNT w
considered to be very lightly doped. These observations s
gest that the long-range Coulomb interaction assumed for
single-wall CNT may not apply to the multi-wall CNT. Du
to their larger diameter, multi-wall CNTs are expected
have better electrostatic screening and shorter scree
length than single-wall CNTs. Short screening length
multi-wall CNT SBJ can explain why theI -V characteristics
of multi-wall CNT SBJ is closer to that of conventiona
semiconductor SBJ than that of single-wall CNT SBJ.

This work was supported by Korea Research Founda
Grant ~KRF-2001-015-DP0179!. This work was also sup-
ported by the Electron Spin Science Center at POSTEC
Korea.
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