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FIG. 2. Scanning electron micrographs of a batch-fabricated probe. Left: a
close-up view of the Pt+Cr junction at the tip end; Right: an overview of the

probe. FIG. 3. & Topographic andb! thermal images of a multiwall carbon

nanotube circuit under a dc current of 2R for an applied voltage of 1.5 V

. between contacts 1 and 3. Contacts 2 and 4 were “oating.
Equation-1! clearly suggests that small values foflead to

poor spatial resolution of SThM.

Previous experiments have reported that R
' 10°K/W. Therefore, the thermal design of the cantilever
must requireR.. 10° K/W. In the past, SThM probes were
made of a high thermal conductivity material such as rfletal
or silicon®1°with no attention paid to thermal design. This
often led to probes witlR.! R that led to inaccuracies, loss

e s o ooy v sy, MVWCN i st was maged usin the ST prbe. Te
' g b Y ample contained a 14 nm diameter MWCN and four 30-nm-

suming and wreproduuple. Recently, several groups have aﬁiﬁick gold contacts on an oxidized silicon wafer. Resistance
tempted to batch fabricate probes for scanning therma

. . . measurement found that the tube was broken between con-
microscopy’*'! Two groups fabricated thermal probes using

) . . tacts 3 and 4. The break could barely be identi®ed in a high-
only optical lithography and water-stage processing stéfs. resolution AFM image. Figure-8! shows the thermal image
However, the probes were made of silicon, leading to th

. . . . . ) Nt the sample obtained for a dc current of 2& “owing in
aforementioned inaccuracies and artifacts. Silicon nltrldqhe segment between contacts 1 and 3. The temperature rise
thermal probes were also fabricated with a thermocouplt?n the nanotube between contacts 1 and 3 can be clearly
junction de®ned at the tip by electron beam lithography. observed. To verify that the image was not due to
The low throughput of electron beam lithography prohibitsyq ,qraphy-induced artifact, the thermal image was taken at
the process for being used for large-volume fabrication.  itarent applied voltages and the thermal signals were found
To address these issues, we have thermally designed agglincrease with the voltage. Another possible artifact in the
fully batch-fabricated cantilever probes for STH¥Based thermal image could be caused by current ow from the
on heat transfer modeling, we chose silicon dioxide and Si”'sample into the probe due to the difference in electrostatic
con nitride as the tip and cantilever materials, reSpeCtiveWpotentials of the tip and sample. To eliminate this possibility,
so as to increas®; as much as possible. It was shown by the\ye measured the tip-sample contact electric resistance when
modeling results that compared to silicon probes with similakne tip was on top of the CN and the contacts, and found the
geometry parameters, our current design could largely imresistance to be larger than the ¥ Gneasurement range of
prove the thermal isolation of the sensor from ambient. Inoyr ohmmeter for the low contact force used in thermal im-
addition, platinum and chrome were chosen for the thermogging. In addition, to ensure that no current would ow into
couple materials for their high thermopower difference andthe probe even if electric contact established at the tip-
low thermal conductivity. Finally, we optimized the geo- sample junction, we connected the thermal probe output to a
metrical parameters of the probe for increasing thermal reyoltage ampli®er with “oating ground. We ®nally con®rmed
sistance of the cantilever and the tip. the absence of electrostatic potential-induced artifacts in the
The thermal probes were fully batch-fabricated usingthermal images by raising the electrostatic potential of the
wafer-stage process steps, with more than 300 probes fabiéntire CN circuit without passing current through it. As we
cated on one single waféf Figure 2 shows two micrographs did so, no change in the thermal probe output was detected.
of a ®nished cantilever probe with the tip containing a Pt=CiWe, therefore, concluded that the thermal images were in-
thermocouple junction, with the Pt and Cr lines patterneddeed due to phonon coupling instead of electron coupling at
along each cantilever arm. The tip region containing thethe tip-sample junction. Furthermore, what the probe mea-
overlap of Pt and Cr thin ®ms was 07 tall and had a tip  sured was the phonon temperature of the sample, which was
radius in the range 20+50 nm. The height of this Pt£Cmot necessarily at equilibrium with the electron temperature.
junction region could be controlled in the fabrication processFinally, it is important to note that during scanning the
to be in the range of 0.1+0.8m, with the tip to be 8™  probes did not change the currents in the CNs, indicating that
high. Because the thermal resistance of these probes wése probes did not perturb electron transport in the samples.
very high ( 10° K/W), a low-power laser beam' 1 mw! It is interesting to note that although no current "owed in
directed at the tip would increase its tip temperature by up tdhe segment between contacts 3 and 4, the temperature of the
80 K. Hence, to optically measure the cantilever de ectiondeft part of this segment was higher than that of the segment

for atomic force microscopy, a thermally isolated laser re-
“ector was fabricated.

The batch-fabricated thermal probes have been used for
guantitative temperature measurement of very large scale in-
tegrated via structurésand for studying dissipation in mul-
tiwall ~MW! and single-wall carbon nanotubeCN!
circuits* Figure 3al shows the AFM topography of one
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100 —r—1— 71— - 200 contacted the sample, a liquid bridge formed at the tip-
|\, Jump to contact sample junction and pulled the cantilever down, as indicated
_ Sample Raised = 160 g by “jump to contact." At this point, a large jump in thermal
E of = Deflection o signal can be seen in Fig. 4, indicating signi®cant increase in
s L TN [Samsis Low 120 3 heat transfer. As the sample was raised further toward the tip,
] i < o the cantilever was bent up resulting in higher contact force.
% 100 - Snapped out of contact 1 80 g The thermal signal changed little in this regime, indicating
e %) that solid+solid conduction was not a dominant factor in
i 440 < :
A, JEMperature tip-sample heat transfer. As the sample was lowered from the
200 a1y g tip, the liquid bridge pulled the tip down until the tip
01 00 01 02 03 04 05 ““snapped out of contact." At this point a sudden drop was
Tip-sample distance (um) found in the thermal signal. It is well known that the de ec-

tion hysteresis shown in Fig. 4 is due to the presence of a
FIG. 4. Cantilever de ectiontop! and ac temperature of the thermocouple liquid bridge. The coincidence of the thermal hysteresis with
Junction -bottort as a function of tip-sample distance. that of the deection clearly indicates that the tip-sample

_ heat transfer was dominated by conduction through the lig-
between contacts 2 and 3, where current owed. Note thatig prigge.

switching the polarity of the applied voltage did not change | conclusion, we have carefully designed and batch-
the observed temperature distribution along the tube, indicatypricated probes for scanning thermal microscopy. The
ing that the observed temperature asymmetry was not due {§opes have been used to obtain thermal images of electri-
variation in electrostatic potentials. Two mechanisms argg|ly heated carbon nanotube circuits. Possible heat dissipa-
suggested by the fact that the CN section between contactsy3y mechanisms in the circuits were revealed by the thermal
and 4 did not involve any electron transport and yet appearefiages. Our experimental results also demonstrate that the
hotter than the segment involving electron ow. First, more gThm probes measured the phonon temperature of the
heat might be dissipated at the contacts than in the bulk afample, and the tip-sample thermal coupling was dominated
the CN. Second, phonon transport is quite ef®cient in thgy heat conduction through a liquid bridge. Consequently,
MWCN from the heated contact to the segment involving noihe spatial resolution of SThM was limited by the tip radius
current ow. The temperature between contacts 3 and 4nq was found to be 50 nm in this study. With this resolu-
dropped rapidly at a point indicated by the arrow. We sustjon, SThM offers the promising prospects of studying
pect that this was due to phonon scattering by the breakg|ectron-phonon interaction and phonon transport in some

which also blocked electron transport. low dimensional materials such as carbon nanotubes.
This study raises several questions, namely: Does the

dissipation really take place at the contacts or in the bulk of  For this work, McEuen’s group was supported by DOE
the nanotube? How ef@®cient is phonon transport in the nangBasic Energy Sciences, Materials Sciences Division, the
tube? What are the mean free paths for elastic and inelast?” Materials Initiativé and by DARPA-Moletronics Initia-
electron and phonon scattering? Some of these questions df¢e!, and Majumdar's group was supported by the D&-
currently being addressed experimentally using the SThngineering Division, Basic Engineering Sciencesd NSF
and will be presented later. ~Chemical and Transport Systeim&he authors thank A.
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