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n-type carbon nanotube field-effect transistors fabricated by using Ca
contact electrodes
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We have fabricated-type carbon nanotube field effect transistors by choosing the contact metal.
Single-walled carbon nanotubes were grown directly on a,S0Dsubstrate by chemical vapor
deposition using patterned metal catalysts. Following the nanotube growth, Ca contacts with a small
work function were formed by evaporating and lifting off the metal. The devices shovigpe
transfer characteristics without any doping into the nanotube channel. In contrast, the devices with
Pd contacts showepttype conduction. These results can be explained by taking into account the
work functions of the contact metals. ©2005 American Institute of Physics
[DOI: 10.1063/1.1865343

Semiconducting  single-walled carbon nanotubedrodes. The temperature dependence of the device character-
(SWNTs are promising materials for nanoscale electron deistics has been measured to investigate the interfacial elec-
vices, such as nanotube field-effect transistdt&Ts, for  tronic structure at the Ca/SWNT contact.
ultrahigh-density integrated circuits and quantum-effect de- Figure 1 shows schematic band structures of the inter-
vices for intelligent circuits, which are expected to bring aface at the source contact. If a metal with a work function
great breakthrough in the present silicon technofogyn larger than that of the SWNT;-4.8 eV is used as the
order to realize such highly functional nanotube circuits,source electrodes, the Fermi enef@y) of the source elec-
there are many issues to be addressed. One of the most immede will be located close to the valence-band edge of the
portant issues for nanotube FETS is to control the conductio8WNT (E,) as shown in Fig. (8. In this case, the Schottky
type of devices. For example, nanotube FETs usually showarrier height for holes is low, and holes are easily injected
p-type transfer characteristi¢$,even though-type devices from the electrode into the SWNT. On the other hand, in the
are indispensable for nanotube integrated circuits of lowcase of a metal with a smaller work function than that of the
power dissipation similar to Si complementally metal-oxide-SWNT, theEg is located close to the conduction-band edge
semiconductor devices. Bockraghal® proposed the doping of the SWNT(E,) as shown in Fig. (b), and electrons will
of potassium on the nanotube channel surface to fabricatge injected into the nanotube. We have chosen Ca as a con-
n-type nanotube FETs. Although the potassium doping on théact metal with small work function of 2.8 eV in order to
nanotube surface is a promising technique to change the cofealizen-type devices.
duction type of nanotube FETs fropichannel ton-channel Figure 2 shows a schematic device structure of the fab-
characteristics, it is necessary to control the doping densityicated nanotube FET with Ca contact electrodes. A heavily
In addition to that, the ionized impurities would have somedoped p*-Si wafer with thermally oxidized Si9(100 nm
influences on the electron transport through the doped nangyas used as the substrate. The SWNT was grown directly on
tube channel. the Si substrate by utilizing the position controlled growth

Recently, the operation mechanism of the nanotube FETgchnique'*? The metal catalysts consisting of a double
has been explained by SChOttky barrier modulation model, imayer of Co (2 nm) on Pt (]_0 nr@ were patterned on the
which the gating action is dominated by the Schottky barrielsbstrate using photolithography, electron-beam evaporation,
formed at the contact between the nanotube and the sourggq |it-off process. A mixture of ethanglLO sccm and ar-
metal®® Javeyet al? reported that the contact resistance of 4o, (100 sccm was used as a source gas for the alcohol
the electrode/nanotube contact can be reduced by using Pd @alytic chemical vapor depositidh The total pressure in

the contact metal ip-type nanotube FETS, since Pd has ayg fymace was 1.3 Torr. The growth temperature and time
large work function and hence the Schottky barrier height for

holes is low. Taking these reports into account, if we use

materials with a small work function as contact electrodes of Source  SWNT _ Source  SWNT

nanotube FETs, the Schottky barrier height for electrons ¢ electron

would be low. In this case, it is expected that electrons are

injected from the contact electrode into the nanotube and

n-type nanotube FETs will be realized without any doping E

into the nanotube channel. Ee s Y
In this letter, we have fabricategitype nanotube FETs hole

by using Ca with a small work function as the contact elec-

E. g

E,
(a) Large work function (b) Small work function

dAlso at: PRESTO, Japan Science and Technology Agency, 4-1-8 HonchBIG. 1. Schematic band structures of the interface at the source cdajact.
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FIG. 2. Schematic device structure of fabricatetype carbon nanotube FIG. 4. Temperature dependencd gbf the nanotube FET with Ca contact
FET. electrodes a¥/pg=0.1 V.

were 800 °C and 1 h, respectively. The Au/Ti for the backFigure 4 shows thé, in log scale as a function of 100D/t
gate electrode was deposited on the back side of the sub/es=6. 9, and 12 V and/ps=0.1 V. Thelp, increased with
strate. Ca3 nm) and subsequent AI500 nm were depos- increasing temperature above?00 K. This suggests the ex-
ited by electron-beam evaporation for the source and draifftence of a potential barrier against electrons at the contact
contact electrodes. The Al was used to prevent the oxidatioRetween the SWNT and the Ca electrode.
of the Ca thin film. The channel length is/8n. The barrier height was estimated from the slope of the
Figure 3a) shows the drain curretitp) as a function of ~ Arrhenius plot as a function dfgs as shown in Fig. 5. In the
the gate-source voltag¥sd) of the fabricated nanotube FET régime 0fVgs>10V, the barrier height was a small con-
with Ca contact electrodes. Here, the drain-source voltaggt@nt value o~25 meV. In the regime oVgs<10 V near
(Vpe) was 0.1 V. Thel increased with increasinges, and the threshold voltage, on the other hand, the measured barrier
hencen-type transfer characteristics were obtained. We hav@€ight increased with decreasiigs. These behaviors of the
also fabricated the devices with Pd contact electrodes fopa!fier height can be understood if we take into account that
comparison. The device haxitype transfer characteristics as the thermally assisted tunneling process of electrons domi-
shown in Fig. 8b). These results show that, by changing thenates the current through the Schottky barrier formed at con-
material used as the contact electrodes, the conduction typct of the nanotube FETAt Vgs>10 V, where the device
of nanotube FETs can be controlled without any doping into/aS biased enough at the on state, the thickness of the
the nanotube. The drain current of tmetype FET was Schottky barrier d_ecreases, and electrons are |n]ected_ from
smaller than that of thp-type FET. This is probably because 1€ Ca electrode into the SWNT by the thermally assisted
there exists a barrier at the Ca/SWNT interface larger thafiinneling process, in which thermally excited electrons tun-
that for holes at the Pd/SWNT interface as it will be de-n€l through the thin Schottky barrier. Then, the measured
scribed later. barrier height corresponds to an effective barrier height for
In order to investigate the interface between the swnThe thermall%/ assisted tunneling of electrons as reported by
channel and the Ca contact electrode, the temperature depejate! €t al” On the other hand, algs<10V near the

dence of the, of the n-type nanotube FET was measured. threshold voltage, the thickness of the Schottky barrier in-
D creases, and hence the tunneling current component is sup-

pressed. Therefore, the measured barrier height approaches
the true Schottky barrier height with decreasivigs. The
obtained results strongly suggest the existence of the
Schottky barrier at the Ca/SWNT contact. The Schottky bar-
rier height for electrons is estimated from Fig. 5 to be about
200 meV if we assume that the potential barrier is thick
enough to suppress the tunneling current componekft; at

near the threshold voltage.

Now, we discuss the band structure of the Ca/SWNT
interface of the fabricated-type nanotube FETs. Since the
work function of Ca, ~2.8 eV, is smaller than that of
SWNTs, it is expected thdg of the Ca electrodes is posi-
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FIG. 3. Ip-Vgs characteristics of fabricated nanotube FETs w#hAl/Ca FIG. 5. Vgs dependence of barrier height obtained by slope of Arrhenius
and(b) Pd contact electrodes. plot.
Downloaded 18 Oct 2006 to 133.6.32.11. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



073105-3 Nosho et al. Appl. Phys. Lett. 86, 073105 (2005)

tioned aboveE. of the SWNT if we assume the Mott— ably due to the dipole layer formation at the Ca/SWNT in-
Schottky model. If this is the case, there is no barrier againsterface.

electrons. However, the obtained results suggest the exis- ] . i ]
tence of a Schottky barrier at the Ca/SWNT contact as de-  This work was supported in part by the Special Coordi-
scribed above. A possible explanation for the reason why thgation Funds of the Ministry of Education, Culture, Sports,
Schottky barrier is formed at the Ca/SWNT contact is that aScience, and Technology of the Japanese Government.
dipole layer formed at the Ca/SWNT interface causes an

abrupt potential drop at the interface as reported for organic/;C- Dekker, Phys. Todap2, 22 (1999. _

metal interfaces? M. S. Dresselhaus, G. Dresselhaus, and P. Avo@#&bon Nanotubes

. . . . Springer Series, Vol. 8(Springer, Berlin, 2001L

The |n'terfaC|aI property is dominated _not only by the 55 5 Tans, A. R. M. Verschueren, and C. Dekker, Nafumdon) 393
work function of the metal but also by the interfacial dipole 49 (1993.
as described above. The control of the interface dipole is’R. Martel, T. Schmidt, H. R. Shea, T. Hertel and P. Avouris, Appl. Phys.
essential to solve remaining issues such as the unbalance isrhett. 73, 2447(1998. _
the current drlvablhty between the presem_t and p_type M. Bockrath, J. Hone, A. Zettl, P. L. McEuen, A. G. Rinzler, and R. E.
FETs, and as the adjustment of the threshold voltage. By,SMa/l€y. Phys. Rev. 81, R10606(2000.

. . . R. Martel, V. Derycke, C. Lavoie, J. Appenzeller, K. K. Chan, J. Tersoff
decreasing the charge density of the dipole at the Ca/SWNT 1’5" A ouris Phys. Rev. Let87, 256805(2001
interface, the Schottky barrier height for electrons would bea gachtold, P. Hadley, T. Nakanichi, and C. Dekker, Scie@ed, 1317
lowered, and then the current in timetype FET would be  (2002.
increased. For the threshold voltage adjustment, it is impor-*S. Heinze, J. Tersoff, R. Martel, V. Derycke, J. Appenzeller and P. Avouris,
tant to control energy level alignment at the electrode/SWNT Phys. Rev. Lett.89, 106801(2002. _
interface A. Javey, J. Guo, Q. Wang, M. Lundstrom, and H. Dai, Nailwendon

| lusi h fabricataut b 424, 654 (2003.

n conc USIOD’ We have taprica ype _Car on nano-_ 1035, suzuki, C. Bower, Y. Watanabe, and O. Zhou, Appl. Phys. L&g.

tube FETs by using Ca contact electrodes without any doping 4007 (2000.

into the nanotube channel. The idea to put the Fermi energ¥H. T. Soh, C. F. Quate, A. F. Morpurgo, C. M. Marcus, J. Kong, and H.

of the contact electrodes close to the conduction-band edgleDai, Appl. Phys. Lett.75, 627(1999.

of the SWNT channel by using contact metal with a small Y- Ohno, S. Iwatsuki, T. Hiraoka, T. Okazaki, S. Kishimoto, K. Maezawa,
: : H. Shinohara, and T. Mizutani, Jpn. J. Appl. Phys., Pad214116(2003.

work funCFlon was confirmed. The ter_nperature dependenc@’Y. Murakami, Y. Miyauchi, S. Chiashi, and S. Maruyama, Chem. Phys.

of the drain current suggested the existence of the Schottky| . 374 53 (2003.

barrier at the Ca/SWNT interface even though the worki4y ishii, K. Sugiyama, E. Ito, and K. Seki, Adv. MatétVeinheim, Gej.

function of Ca was much smaller than that of SWNTSs, prob- 11, 605(1999.

Downloaded 18 Oct 2006 to 133.6.32.11. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



