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ABSTRACT

Contacting metallic single-walled carbon nanotubes by palladium (Pd) affords highly reproducible ohmic contacts and allows for the detailed
elucidation of ballistic transport in metallic nanotubes. The Pd ohmic contacts are more reliable than the titanium (Ti) previously used for
ballistic nanotube devices. In contrast, Pt contacts appear to give honohmic contacts to metallic nanotubes. For both ohmic and nonohmic
contacts, the length of the nanotube under the metal contact area is electrically turned off. Transport occurs from metal to nanotube at the
edges of the contacts. Measurements with large numbers of Pd-contacted nanotube samples reveal that the mean free path for defect scattering
in SWNTs grown by chemical vapor deposition can be up to 4 um. The mean free paths for acoustic phonon scattering are on the order of
500 nm at room temperature and >4 um at low temperatures.

Ohmic contacts with minimum contact resistance are im- dation of electron transport properties that are intrinsic to
portant to the fundamental characterization and realizationthe nanotube material. Several important parameters for
of high-performance devices of electronic materials. Ohmic m-SWNTs grown by chemical vapor deposition (CVD) are
contacts to individual metallic single-walled carbon nano- estimated, including the mean free paths (mfp) for scattering
tubes (M-SWNTSs) by Cr and Ti have enabled the observationby defects or imperfections and by acoustic phonons.

of ballistic electron transport in SWNT£.The hallmark of Individual metallic SWNT devices were fabricated by the
ballistic transport in SWNTs with ideal contacts is conduc- patterned CVD growth of SWNTs on SiQ/Si wafers,
tance approaching the quantum limit@f= 4e’/h (resistance  followed by electron beam lithography (EBL), metal deposi-
R ~ 6.5 kQ) and the manifestation of phase-coherent tion, and liftoff to form source/drain (S/D) top contaéfghe
resonance transport at low temperatdréddore recently, heavily doped Si substrate was used as a back gate, and the
ohmic contacts to semiconducting SWNTSs (s-SWNTSs) have thickness of the Si@gate dielectric was either 500 or 67
been achieved with Pd electrodeshe high work function nm. The thickness of the S/D metal (Pd or Ti) electrodes
of Pd and its favorable interactions with nanotube sidewalls was~30 nm deposited by electron beam evaporation in a
afford largely suppressed Schottky barriers at the Pd/s <107 Torr vacuum. Devices with Pd S/D contacts were
SWNT contacts, allowing for the observation of ballistic annealed at 22€C in Ar for 10 min. In most cases, Pd ohmic
transport through the valence band of s-SWNTs. The on- contacts to m-SWNTs were found to form without the
states of ohmically contacted semiconducting SWNTSs exhibit annealing step.

similar characteristics to ballistic metallic tubes with~ We first present results obtained with metallic SWNTs
4¢€/h and current delivery capability, reaching the optical contacted by Ti at the S/D. Previously, we have reported
phonon scattering limit of~25 uA per tube? ballistic transport in ohmically contacted relatively short

In this letter, we report highly reliable ohmic contacts to (L~200 nm) m-SWNTs with Ti S/D electrodésince then,
metallic SWNTs made by Pd. Compared to other metals suchwe have observed ballistic transport in CVD-grown metallic
as Ti, Pd is unique in giving ohmic contacts to m-SWNTs tubes with lengths up to 4m. Figure la shows an
with very high reproducibility. In addition to two terminal  ultrastraight nanotube (diametér~ 1.7 nm) with a length
m-SWNTs with ohmic contacts, devices with a segment of of 4 um between Ti S/D contacts. The conductance of the
the metallic tube covered by Pd or Pt are fabricated and device (measured undeVs—1 mV) exhibits little gate
investigated by transport measurements. Furthermore, thedependence, as expected for metallic tubes, and monotoni-
ohmically contacted m-SWNT devices allow for the eluci- cally increases from- €/h (R ~ 32 kQ) to ~3¢?/h (R ~

. p AS—— rord.ed 8.6 kQ) as the sample is cooled from 290 to 4 K. Between

| Cotesporting autir Eomalk OGSO | onies, pett 4 K and 300 mK in aHe cryostat, pronounced siow
University of Technology, Lorentzweg 1, 2628 CJ Delft, The Netherlands. conductance oscillations versus the gate voltagg ére
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Figure 2. (a) AFM image of a 300-nm SWNTd(~ 3 nm)
Figure 1. (a) Atomic force microscopy (AFM) image of a/n- contacted by Pd electrodes. (B)vs Vy curves from 290 to 4 K.
long SWNT @ ~ 1.7 nm) contacted by Ti at S/D. (b) Conductance (c) di/dVys vs Vy and Vgs recorded at 1.5 K showing clear
(G) vs Vg curves recorded at various temperatures from 290 to 4 conductance oscillations withlc = 7 mV (shown by an arrow).
K. (c) Differential conductance (tHVqs) Vs Vy andVys recorded at (d) Plot of V; vs the inverse tube length The slope of the line is
300 mK. The arrow points to the characteristic conductance peak hue/2e= 1.670 m\ium whereve = 8.1 x 10°m/s. The data points
at V. ~ 0.75mV for the 4«m-long tube. are from a few representative Pd-contacted devices.

observed, and differential conductand&ilys versusvy and 4c forL = 1 um). At low temperatures, the devices exhibit
Vgs exhibits an interference pattern with conductance peaksclear interference patterns ivdVys versusvy andVgs (Figure
and valleys aVys = O (Figure 1c). The results strongly point  2c). The interference patterns for various-length SWNTs are
to a nearly ideal Ti/m-SWNT sample with highly transparent consistent with the FabryPerot resonators described by
contacts (transmission probability at the two contagis~ Liang et al* Whenever the phase shift acquired by electrons
tri2 ~ 0.85 andG ~ tyj1 x tri2 x 4€?/h ~ 3€/h). There are during a round trip in a SWNT reachet % eVydhr = 21
no significant defects along theudn length of the nanotube  whereve = 8.1 x 10°Pm/s is the Fermi velocity, a resonance
because no conductance degradation due to weak localizapeak occurs aVys = V. = mhg/eL Plotting V. versus!/,
tion?8is observed down to 300 mK. The somewhat irregular gives a line with a slopeof hug/2e = 1.670 m\fum, which
interference pattern does point to a nonideal Faitftgrot is the case in our Pd-contacted m-SWNT samples (Figure
resonatot This irregularity is attributed to minor disorder 2d).
or inhomogeneity along the full length of the tube. A 3-fold The mfp for defect scattering is a parameter specific to
conductance increase from 290 4 K is observed and  each individual SWNT and can be uplto~ 4 um (Figure
attributed to the quenching of acoustic phonon (AP) scat- 1). On the basis of measurements of tens of Pd/m-SWNT
tering?2%7 Thus, for this particular device, one can glean devices, we conclude that the average mfp for defect
that the mfp for defect scattering in the SWNTIjs> 4 scattering idg ~ 1 um for our CVD-grown nanotubes. For
um, and that the mfp’s for acoustic phonon scattering are most devices with longer tube lengths, conductance versus
[Ap(290K) < 4 um andlap(300 MmK) > 4 um. temperature data tend to show a downturn at low tempera-
The nearly ideal long ballistic SWNT sample with Ti tures, signaling weak localization effects due to imperfections
contacts shown above is admittedly rare. It is also found thatin the tube. It is also found that smaller-diameter SWNTs
ohmic contacts to m-SWNTs by Ti have a limited success (<1.5 nm) are more likely to have various degrees of bends
rate of ~10—20%. Relatively large fluctuations in contact along the tube length. These tubes tend to become more
resistance (10100 k) exist in different batches of devices. insulating at low temperatures and have shdgtealues due
The ballistic mfp of 4um is observed once out of dozens of to imperfections related to mechanical deformation.
3—4-um-long m-SWNTSs. We observe that the conductance of shorter m-SWNTs
In contrast to Ti, Pd affords ohmic contacts to metallic exhibits weaker temperature dependence than longer ones.
tubes with high reproducibility. Nearly all of the Pd contacted ThelL = 4-um-long m-SWNT exhibits a 3-fold conductance
metallic SWNTSs with lengtht < 1 um exhibit conductance increase (from #h to 3€/h) from 290 b 4 K (Figure 1b).
on the order of 2%h (R~ 10—20 kQ2) at 290 K and approach  However, theL ~ 300 nm tubes typically exhibit a 30%
4¢/h at 4K (Figure 2b fol. = 300 nm, Figure 3c and Figure  conductance increase (from 228eto 3.2&/h) upon cooling.
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Figure 3. (a) Schematic drawing of two types of devices formed
on a single SWNT. The first type consists of-afi-um-long SWNT

between two Pd S/D electrodes. The second type is similar except

for a Pd strip covering part of the SWNT between two Pd electrodes.
All of the metal structures were formed by one step of EBL, Pd
metal deposition, and a liftoff process. (b) AFM image of the SWNT
(d ~ 3 nm) structures depicted in a. @)vs Vg recorded from 290

to 4 K for the SWNT without Pd coverage between S/D.Gls

V, recorded from 290a 4 K for the device with additional Pd
coating in the middle. (e) I&tVys vs Vy and Vgs at 1.5 K.
Conductance peaks & = 8.5 mV (at the arrow) correspond to
tube resonators-200 nm in length (similar to the lengths of the
tube sections free of Pd coating).

The resistance in m-SWNTs due to acoustic phonon scat-
tering can be written as

()

Fitting of the measured resistance of long and short
SWNTSs to this expression (the physical meaning of which
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Figure 4. (a) Schematic drawing of two types of devices formed
on a single SWNT. The first type consists of-ath-um-long SWNT
between two Pd S/D electrodes. The second type is similar except
for a Pt electrode placed onto the SWNT between two Pd electrodes.
The Pt electrode was formed by a second step of EBL, Pt deposition
(by sputtering), and liftoff after the first step for Pd. The offset of
the Pt electrode from the center was due to misalignment. (b) AFM
image of the SWNT structurel(~ 3.2 nm) depicted in a. (¢ vs
Vg curves recorded from 290 to 1.5 K for a SWNT between two
Pd S/D contacts. The small, rapid conductance oscillations from
290-50 K are attributed to noise in the measurement system. (d)
di/dV vs V4 measured at 1.5 K (under two gate voltages) for the
SWNT between two Pd contacts with an additional Pt electrode
placed in between. The dip structure exists over the e¥ifirange
scanned.

partially Pd-covered SWNT is limited below Ze (Figure

3d; the uncovered device is limited below?4®, and the
interference pattern exhibits a characteristic energy stale (
~ 8.5 mV along the bias axis, Figure 3e) approximately
corresponding to SWNT resonators with a tube length of

~ 200 nm that matches the lengths of the two uncoated tube
segments. This suggests that the Pd stripe has divided the
nanotube into two FabryPerot resonators in series. It is clear
that the electron transmission probability at the four-Pd
SWNT contact junctions is near unitjp{ ~ 0.9) and that

the nanotube segment covered by Pd is electrically turned
off. This result illustrates the high reproducibility of Pd ohmic
contacts to m-SWNTSs. It also shows that electron transport

is that resistance due to acoustic phonon scattering scalesnto (or out of) an m-SWNT from (or into) a Pd top contact

with tube lengthL and is negligible iflap << L) provides a
rough estimate dfxp(290 K) ~ 500 nm for acoustic phonon
scattering at room temperature.

In Figure 3c, we show that a dm-long Pd-contacted
m-SWNT exhibits ballistic transport with conductance up

occurs at the edge of the Pd electrode.

Different results are obtained with an m-SWNT patrtially
covered with Pt along its length between Pd S/D (Figure 4a
and b). At 290 K, the conductance measured between Pd
S/D is 3 times lower G ~ 0.4€/h; R ~ 65 kQ; data not

to ~3¢?/h at 4 K. On the same tube, a similar device is shown) than that of the same tube without Pt coverage
fabricated except for a Pd stripe covering-&00-nm-long (Figure 4¢,G ~ 1.5é/h; R~ 17 kQ). Multi-probe measure-

segment of the tube between the Pd S/D (Figure 3a and b).ments (with the Pt strip as an electrode) reveal that the
Electrical measurements reveal that the conductance of theresistance between the Pd S/D equals the sum of the
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resistance measured between S{HRt)and P+Pd(D). These resistance to the contact length for SWNTs. With large

results lead to the conclusion that, first, the-BWNT numbers of ohmically contacted m-SWNT samples, we find
contact is nonohmic (nonohmic contacts have been reportedthat the mean free path for defect scattering in our CVD-
by Dekker et al. previousf?) and has a resistance 620 grown material is typically Jum and can be up to 4m.

kQ. Second, despite the relatively low transmission prob- The mean free paths for acoustic phonon scattering are on
ability at P=SWNT contacts, electrons mostly transmit in  the order of 500 nm at room temperature andlum below

and out of the Pt strip with the Pt-covered section turned 4 K.

off. At 1.5 K, the SWNT without a Pt coating exhibits a
high conductance of3.3¢/h and interference effect (Figure
4c). In strong contrast, the Pt-coated device is more insulating
below~50 K, with a clear conductance dip it/dVgys versus

Vgs atVgs = 0 (Figure 4d). The pronounced conductance dips
(for someVy) appear to be consistent with the known effect References
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