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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 nanotubéCNT) is a macro-scale molecule with formed naturally during the sample growing process and the
noble electrical and mechanical propertie€NTs can be two straight CNTs, having almost an identical diameter of
either metallic or semiconducting depending upon theirabout 30 nm, were considered to be connected seamlessly
chirality, diameter, and lengfh* Since the discovery of With a heptagon-pentagon defect in the kink regibiiwo
CNTs there have been many efforts to use them for elecCNTs connected seamlessly with a kink have different
tronic devices. A variety of CNT-based electronic devices chiralities, which can be manifested by different energy gap.
such as single electron transistdrfield effect transistof;®  \We measured the-V characteristics of each straight CNT in
cross junction and heterojunctiod*4 have been realized the two-probe measurement configuration. As shown in Fig.

and studied. It has been shown that the low-dimensional n2(®- the upper CNT exhibited vanishing differential conduc-
tance at low bias voltages. The differential conductance in-

ture of the electronic transport in CNT modifies the device ' :
characteristics significantR*>'# Theoretical studies on a creased almost linearly above the gap region. We took the
energy gap by extrapolating the linear fitting curve in the

CNT/CNT junction showed that the charge depletion region . . ; . .
could extend over the entire tube due to the long-range Coﬂﬁ'-Igh bias region to the voltage axis. Since there were two

. ST . . . contact junctions connected in series, the energy gap was
lomb mteractlo_n in a smgle-wall_ CN* A heterojunction doubled. The energy gap of the upper CNT was then esti-
made of two different types of single-wall CNTs then WaS mated to be about 150 meV. The lower CNT, on the other

expected to givel-V characteristics different from that of hanq exhibited a depleted but nonzero differential conduc-
conventional semiconductor heterojunctin. tance at zero bias as shown in Figbg'®

In this paper we report the temperature dependence of the consisting of two straight CNTs which have different en-
|-V characteristics of a CNT heterOjUnCtion ConSiSting of tWOergy gaps, the Samp|e can be considered as a heterojunction_
different types of multi-wall CNTs. Our major findings are The upper CNT is a semiconducting one with an energy gap
(1) the multi-wall CNT heterojunction exhibits reproducible of 150 meV and the lower CNT is either metallic or semi-
rectifying behavior and?2) the temperature dependence of conducting. If the lower CNT is metallic, it is natural to
the |-V characteristics is well explained by the conventionalconsider the kink as a metal-semiconductor junction with
Schottky-barrier junctionSB) model in the intermediate probable formation of a SBY.If the lower CNT is a small
temperature region an() the semiconducting multi-wall gap semiconductor, the kink can be considered as an isotype
CNT in our sample is more like an intrinsic one than aheterojunction, consisting of twp-type semiconductord.
heavily doped degenerated one.

The multi-wall CNTs synthesized by arc discharge
method were prepared on a Si substrate with 500-nm-thick
thermally grown SiQ layer. The patterns for electrical leads
were generated by using electron beam lithography onto the
selected CNT and then 20 nm of Ti and 50 nm of Au were
deposited successively on the contact area by thermal evapo-
ration. To form a stable Ohmic contact between the CNT and
the Ti/Au electrode, we performed rapid thermal annealing at
600—-800°C for 30 s in vacuum:!’ Each metal/CNT con-
tact exhibited a symmetrit-V characteristics in the whole
measured temperature range and possible formation of a SBJ
in the contact was excluded.

Figure 1 is the scanning electron micrograph of the
sample which consists of two straight multi-wall CNTs con-  FIG. 1. The scanning electron microscope image of the sample.
nected in a kink with an angle of~23°. The kink was The kink junction is shown between the electrodes 3 and 4.
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FIG. 2. Differential conductance-voltage I(dV-V) curves of
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FIG. 3. 1-V characteristics of the junctidelectrodes 3 and)@t

temperatures listed in the figure. Inset

in the upper-left corner shows

the differential conductance-voltage curves of the junction at low
temperatures. The overall view of theV characteristics at tem-

peratureT=4.2 K is shown in the ins

et in the lower-right corner.

low temperatures was the occurrence of constant conduc-
tance region at voltages 200 m\W <300 mV, which was

attributed to the effect of the ser

ies resistance. The inset in

the lower right corner of the Fig. 3 shows the wide rahgé
curve atT=4.2 K. Note that the reverse bias breakdown
occurs rather smoothly, in contrast to the sharp onset of the

forward bias current.

A SBJ is said to be ideal if itb-V characteristics fits well

to the diode equation

(a)the upper CNTelectrodes 4 and)@&nd(b) the lower CNT(elec-

trodes 1 and Rat temperaturd =4.2 K. Shown in the inset dfa)

is the schematics of the Schottky-barrier junction.
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o
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For ap—p heterojunction, a spikelike bending is formed in \here, is the reverse bias saturation current giveA®by
the valence-band edge of the larger gap semicondtrtor.

the energy gaps of the two semiconductors are widely differ-
ent from each other, as in our case, the effect of the spikelike
bending can be neglected and the SBJ is a good model sys-
tem for the heterojunction. The inset of Figbl shows the

—e
l,=AT2ex (9

—Ady)
kT )

@

Here A is the Richardson constant aldp,; is the barrier

schematic energy band diagram of the SBJ. Determination Qfhange due to the bias voltage and the thermal fluctuation. If

the barrier height ¢,) and the diffusion potential\(p) is

essential in understanding the electrical transport propertieshange, it can be shown that

of the SBJ.

We measured the-V characteristics across the kink. Un-
like those of the straight parts, thev characteristics of the

A¢bi:C(

kink was highly asymmetric and exhibited rectifying behav-
ior as shown in the main panel of Fig. 3. Rectifying behaviorwhereC is a constant dependent upon the dielectric constants

was observed for any selection of electrodes across the kinknd the impurity concentration. In general, the ideal behavior
and nonlinear behavior peI’SISted up to 250 K. Both two- anq:)f a SBJ is rather exceptionaL For many reasonthMe

four-probe measurements gave simila¥ characteristics.

characteristics of real SBJ devi

Vo—V-—

the image force lowering is the main cause of the barrier

kT 1/4
) : ()

ates from the ideal behavior.

As shown in the inset in the upper left corner of Fig. 3, thewe fitted thel-V characteristics of the kink to the general-
current began to increase sharply at a certain voltage knowged diode equation,

as the threshold voltag®/;,, in the forward bias condition
(a positive bias voltage applied to the upper GNAt low
temperature¥,, was nearly identical to the diffusion poten-
tial Vp (Ref. 19 and we thus obtainedy~ 65 mV. Another

noticeable feature of the differential conductance curves a&e/kT must be satisfied.
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Herel, and « are fitting parameters. For an ideal SBJ,
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condition to the generalized diode equation. For a suffi-
ciently large reverse bias voltage, E¢§)—(3) give

C(VD _ V) 1/4

In(—1)=In(l,o)+ KT )

®)

wherel,o=AT?exp(—ed,/kT). For a convenience, we also
take the exponent 1/4 as a fitting parameger

In(l)

C(Vp—V)”
kT

Figure 4b) shows the reverse bias characteristic of the junc-
tion with the best fitting curves to the above equation. In the
temperature rang€=50 K—200 K, the reverse hias char-
acteristics of the sample was fitted well to the above equation
in the high bias region. The diffusion potentials obtained by
fitting were in the rang& =55 mV-70 mV and exhibited

a weak temperature dependence. Note that the diffusion po-
tential obtained from the reverse bias characteristics was
nearly identical to the diffusion potential estimated from the
threshold voltage in the forward bias condition, 65 mV.
Shown in the inset of Fig. ®) are the fitting parameterg

and In(,/T?) as a function of temperature. Note thatwas
close to the expected value 1/4 in the temperature range
=100 K-200 K but exhibited a noticeable deviation from
1/4 at temperatures below 80 K. By linear fitting ofI1{?)

to /T in the temperature range=100 K-200 K, we ob-
tained the barrier height,=123.9 mV. The barrier height

In(=1)=In(lg)+ (6)

In (-1)

ol ® 1000 obtained from the reverse bias characteristics was almost
0 500 400 600 800 identical to that obtained from the forward bias characteris-
tics.

_ __V (mV). o ) The |-V characteristics of the kink junction exhibited no-
FIG. 4. (a)I-V characteristics of the junction in the forward bias tjceaple deviation from the ideal behavior both in low- and
condition(symbols with the fitting curvegsolid lineg at tempera- high-temperature regions. In particularexhibited saturated
turesT=80, 100, 114, 130, 150, 174, 204 K. Inset shows the temy,epqyi0r at Jow temperaturésee the inset of Fig.)5 The
perature dependence of the fitting par_ametaysT (.f'”ed.c"c.le) saturated behavior af in the low temperature region is well
anda (crossed squaye(b) |-V characteristics of the junction in the . . .
reverse bias conditiofsymbols with the fitting curvegsolid lineg known f0|.‘ the conventional Semlcondu.cmr SBJ and is gen-
at temperature¥ =50, 80, 100, 130, 150, 180 K. Inset shows the erajly attrlbutgd to the qga_ntum tunneling effé.%ffhe tun-.
temperature dependence of the fitting parametky$T? (filled neling effec_t is non-negligible for the SBJ with a heavily )
circle) and y (empty square doped semlcond_uctor. Eor our sample, howev_er, the semi-
conducting CNT is very lightly doped. The Fermi level of the
Shown in Fig. 4a) are the semi-logarithmic plot of the semiconducting CNTupper onglies deep inside the energy
[-V curves of the junction in the forward bias condition for gap, i.e., 59 meV above the valence-band edge and 91 meV
several temperatures along with the best fitting curves to Ecpelow the conduction-band edge. The semiconducting CNT
(4). In the temperature range=80 K-204 K, the forward is more like an intrinsic one than a heavily doped one. Our
bias characteristics fits relatively well to the generalized di-observations then suggest that a simple tunneling model may
ode equation in the low bias region. Noticeable deviation imot explain the saturated behavior @fat low temperatures.
the high bias region reveals that single transport mechanisiwe have found that the fitting af to the conventional tun-
may not explain thd-V characteristics in the whole bias neling model gives a poor result. Such discrepancy may be
range. The temperature dependence of the fitting parameteastributed to the effect of interlayer tunneling between neigh-
is shown in the inset of Fig.(d). The fitting parameterr  boring graphene sheets. Note also that the effect of defect or
satisfies the relatiomr=e/kT in the temperature rangé  deformation in the CNT may not be neglected at low tem-
=100 K-130 K. In this temperature range the reverse biaperatures.
saturation current, is expected to follow the temperature  Nonideal behavior of thé-V characteristics was also ob-
dependence given in ER). Since the image force lowering served at high temperatures. With the increase of the tem-
can be neglected in the forward bias condition, the lineaperature, in addition to the thermionic emission, other trans-
slope of In(y/T?) vs 1T gives the barrier heighty,. We  port mechanisms also begin to contribute to the total current.
obtained the barrier height,=124.2 mV. Among several known transport mechanisms, the electron-
We also fitted thd -V characteristics in the reverse bias hole recombination current and the effect of the series resis-
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12 ' ' ' : ' ted to »=2 in the whole bias range. Such behavior was also
observed in a conventional semiconductor $BWith the
104 further increase of the bias voltage, in addition to the recom-
bination current, the effect of the series resistance becomes
8l non-negligible, giving lineat-V characteristics or constant
differential conductance curve as shown in the inset of
— Fig. 3.
= 6+ Due to the long-range Coulomb interaction in the low-
dimensional system, the electronic transport properties
4 of a CNT SBJ are believed to be different than from those
of the conventional semiconductor SB# Previous studies
o have shown that the single-wall CNT SBJs have reverse
T bias breakdown voltages complaé\rable in magnitude to the
oLf . . . | T(K) . forward bias thresh_old voltagé® For our sample, how-
0 20 40 60 80 100 120 ever, the reverse bias breakdown voltage? V, was far
V (mV) greater in magnitude than the forward bias threshold voltage,

- . . 65 mV. Furthermore, theory predicted that the depletion

FIG. 5. 1-V characteristics of the junction in the forward bias length of a single-wall CNT SBJ changed sensitively on the
condition at temperatures=114 K (empty triangl¢ and 204 K doping concentration, giving the depletion length compa-
(empty square The solid lines are fitting curves to the generalized rable to or greater th,an the entire tube length for a lightly
gioﬂebequation withy =1 in the Igw bizas rer?ion ﬁnld'zz nthe  4oped CNT Such a long depletion length means that usual

igh bias region a=114 K and»=2 in the whole range at o ) . . .

=204 K. Inset shows the temperature dependence of the fittin ectifying behavior may not be observed in a I_|ght|y doped
parameterae obtained from thd-V characteristics in the forward . NT SBJ. For our sample, however, c;lear rec'tlfylng behav-
bias condition along with the constaptcurves, n=eV/akT=1 lor was observed alth_ough the semiconducting C_NT was
and 2. considered to be very lightly doped. These observations sug-

gest that the long-range Coulomb interaction assumed for the

tance are worth mentioning. If the recombination current is n9le-wall CNT may not apply to the multi-wall CNT. Due
dominant transport mechanism, is given by a=e/2kT. If to their larger diameter, multi-wall CNTs are expected to

we definep=elakT, 7=1 corresponds to the thermionic have better electrostatic screening and shorter screening
emission current angy=2 to the recombination current. A 1€ngth than single-wall CNTs. Short screening length of
smooth transition fromy=1 to =2 occurs if one increases Multi-wall CNT SBJ can explain why theV characteristics
either bias voltage or temperature. For our sampleas in of mulﬂ-wall CNT SBJ is closer.to that of conventional
the range ¥ <2 (see the inset of Fig.)5n the tempera- semiconductor SBJ than that of single-wall CNT SBJ.

ture rangel =50 K-220 K. As shown in Fig. 5, the transi-  This work was supported by Korea Research Foundation
tion from »=1 to »=2 with the increase of the bias voltage Grant (KRF-2001-015-DP0179 This work was also sup-

is evident at the temperatufie=114 K. On the other hand, ported by the Electron Spin Science Center at POSTECH,
the |-V characteristics at temperatufe=204 K is well fit-  Korea.
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