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Thermal Transport Mechanisms
at Nanoscale Point Contacts
We have experimentally investigated the heat transfer mechanisms at a 90610 nm diam-
eter point contact between a sample and a probe tip of a scanning thermal micros
(SThM). For large heated regions on the sample, air conduction is the dominant
sample heat transfer mechanism. For micro/nano devices with a submicron loca
heated region, the air conduction contribution decreases, whereas conduction throug
solid-solid contact and a liquid meniscus bridging the tip-sample junction become im
tant, resulting in the sub-100 nm spatial resolution found in the SThM images. Usi
one dimensional heat transfer model, we extracted from experimental data a liquid
thermal conductance of 6.761.5 nW/K. Solid-solid conduction increased linearly as co
tact force increased, with a contact conductance of 0.7660.38 W/m2-K-Pa, and satu-
rated for contact forces larger than 38611 nN. This is most likely due to the elasti
plastic contact between the sample and an asperity at the tip end.
@DOI: 10.1115/1.1447939#
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Introduction
The continuous scaling of semiconductor devices has produ

devices with submicron feature sizes. Localized Joule heatin
these devices is becoming a serious issue affecting device reli
ity. For example, current crowding and localized heating in de
submicron vias are known to strongly impact reliability of inte
connects in very large-scale integrated~VLSI! circuits@1#. Experi-
mental techniques for investigating thermal transport in semic
ductor devices are needed for improving device design and
understanding device physics. Such techniques are also des
for studying new thermophysical phenomena in nanoscale dev
made of novel nanostructures, such as carbon electronics@2#.

Scanning thermal microscopy~SThM! @3# has been develope
to meet the need for thermally imaging devices and nanost
tures. While the spatial resolution of other thermometry te
niques based on far-field optics@4,5# are diffraction limited to the
order of several microns, spatial resolution of 50 nm has b
demonstrated for SThM@6#.

A SThM operates by raster scanning a sharp temperat
sensing tip on a solid surface. The temperature-sensing tip is
ally mounted on a micro cantilever of an atomic force microsco
~AFM! probe so that tip-sample constant contact force is ma
tained by the force feedback loop of the AFM. While the tip sca
on a sample, tip-sample heat transfer changes the tip tempera
which is measured and used to calculate the temperature or
mal properties of the sample at the tip-sample contact.

SThM has been used to locate ‘‘hot spots’’ in electronic devi
and to image contrast in thermal properties of composite thin
materials@3#. In both cases, qualitative rather than quantitat
results have been obtained. To accurately interpret a temper
map or a thermal property image obtained by SThM, a thoro
understanding of heat transfer mechanisms at the tip-sample
tact is required. The knowledge of heat transfer at micro or na
scale contacts is, however, still limited@3,7,8#. Figure 1 shows the
schematic diagram of a SThM tip in contact with a sample s
face. Also shown are the various heat transfer mechanisms.
temperature sensor is a thin-film metal thermocouple junction
ricated at the end of the tip. The various tip-sample heat tran
mechanisms include solid-solid conduction at the contact, cond
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tion through the air gap between the probe and the sample, ra
tion, and heat conduction through a liquid meniscus formed at
tip-sample junction. The liquid meniscus is formed from wa
molecules and/or contaminations adsorbed on the sample an
surfaces. Luo et al.@7# speculated that conduction through th
liquid meniscus could be the dominant heat transfer mechan
This was used to explain the sub-100 nm spatial resolution
tained in the thermal image. Using a heated Pt wire probe
image thermal property contrast on a sample, Gomes et al.@8#
recognized the importance of liquid-film conduction while su
gesting that the predominant heat transfer mechanism depend
the sample thermal conductivity.

Recently, we have thermally designed and batch-fabrica
SThM probes. Using these probes, we have thermally investig
localized heating in VLSI interconnects@9# and Joule heating in
current-carrying carbon nanotubes@6# with a spatial resolution as
small as 50 nm. Despite achieving sub-100 nm spatial resolut
there still remain questions regarding what is the dominant h
transfer mechanism in this nano-thermometry and what is the t
mal contact resistance between the tip and the micro/nano s
tures. It is important to address these questions for quantitati
interpreting the thermal imaging results and for further improvi
the technique. In the following sections, we will~i! present severa
experiments for characterizing the heat transfer mechanisms a
nanoscale tip-sample point contact;~ii ! describe a model consid
ering various microscale heat transfer mechanisms for extrac
point contact thermal resistance from the experimental data;
~iii ! discuss the relative contribution of various conduction mec
nisms under different conditions.

Experiments
Figure 2 shows the cross section and scanning electron m

graphs of one of the thermal probes that we have therma
designed and batch-fabricated@10#. The silicon nitride (SiNx)
cantilever was 12861 mm long, 18.460.5mm wide, and 0.89
60.01mm thick. The tip was made of silicon dioxide (SiO2), and
was 860.5mm high and the cone angle of the tip was 3
64 deg. Platinum~Pt! and chromium~Cr! films were sputtered
and patterned on the cantilever and the tip. The thickness of e
metal was 7565 nm on the cantilever, as measured by AFM. B
cause of the steep slope of the tip, the metals deposited on th
were much thinner, in the range of 20–25 nm for each meta
imaged by scanning electron microscopy~SEM!. The two metals

8,
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were separated by a 270610 nm thick SiO2 film except at the
very end of the tip. The junction at the tip end was 900660 nm
high and 600630 nm wide at the base. The tip diameter was
610 nm as measured by SEM. It should be noted that the ca
lever design was not the optimized thermal design. However,
cause this probe has simpler geometry than other designs
cantilevers ofV or other shapes, it is easier to model the h
transfer processes involved. Thus, this probe has been chose
the following experiments.

Fig. 1 Schematic diagram of a SThM probe in contact with a
Joule heated metal line. Also shown are various tip-sample
heat transfer mechanisms.
330 Õ Vol. 124, APRIL 2002
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We first measured the thermopower of the Pt-Cr junction us
the experimental setup shown in the inset of Fig. 3. Under
optical microscope, a tiny drop of carbon paint was used to fi
probe tip to a fine Omega® type-K thermocouple mounted o
silicon substrate by silver paste. The tip was assumed to b
thermal equilibrium with the type-K thermocouple. Anothe
type-K thermocouple was attached in close proximity to the
and Cr contact pads located at the end of the Pt and Cr lin
While the silicon substrate was heated to different temperature
thermoelectric voltage was created between the Pt and Cr con
pads due to the temperature difference between the Pt-Cr junc

Fig. 3 Thermoelectric voltage as a function of temperature dif-
ference between the Pt-Cr junction and the contact pads. The
inset shows the measurement setup
Fig. 2 Cross section „upper left … and scanning electron micrographs of a
SThM probe „upper right …, the probe tip „lower left …, and the Pt-Cr junction
„lower right … at the end of the tip
Transactions of the ASME
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and the contact pads. This voltage was recorded as a functio
the temperature difference between the two type-K therm
couples. From the same wafer containing the probe shown in
2, we chose a few probes for this destructive measurement. On
the measurement results is shown in Fig. 3. The thermopowe
the Pt-Cr junction was found to be 13.460.06mV/K, which is
about half of that of a pure bulk Pt-Cr junction. Due to the th
film confinement effect and differences in structure and purity,
thin metal films are expected to have different Seebeck co
cients as well as electrical and thermal conductivities from th
of corresponding pure bulk metals.

The samples for studying tip-sample heat transfer were
film metal lines with different line widths and lengths fabricat
on silicon wafers containing a 1mm thick SiO2 film. The topo-
graphic image of a Au line obtained by the SThM probe is sho
on Fig. 4~a!. This particular sample was patterned using elect
beam lithography and metal lift-off technique. The line was 3
650 nm wide and 20mm long. When a current passed betwe
the two leads at the two ends of the line, the voltage drop at
middle segment was measured using the two middle leads
was 13mm apart and was used to calculate the four-probe re
tance. With a current of 1mA, the resistance was measured wh
the sample was heated to different temperatures using a hot p
From the resistance versus temperature curve shown in Fig. 5
calculated the temperature coefficient of resistance~TCR! of the
Au line to be (15260.6)31026 K21. When the substrate was a
room temperature and the line was Joule heated by a current i
range of 100–1500mA, the temperature riseDT of the metal line
can be determined asDT5(R2R0)/(TCR* R0), whereR andR0
are the four-probe electrical resistances when the line was J
heated and at room temperature, respectively. The measured
perature rise,DT, is plotted as a function of current and is show
in Fig. 6.

When a current of 781.860.1mA passed the Au line, a therma
image of the Joule heated line was obtained by the thermal pr
as shown in Fig. 4~b!. During thermal imaging and all of the
following experiments, the cantilever was parallel to the subst
and oriented perpendicular to the metal line. The thermal im
shows that the temperature was uniform along the line. With
probe in contact with the heated metal line, we measured

Fig. 4 Topographic „a… and thermal „b… images of a 350 nm
wide Au line. One of the four leads to the Au line is located on
top of the line and is not shown in the figure.
Journal of Heat Transfer
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temperature response of the probe, which is defined as the rat
the temperature rise at the Pt-Cr junction to that in the sample
has a unit ofK/K. For the 350 nm wide line, the measured tem
perature response was only 0.0560.01K/K, as shown in Fig. 7.
At first sight, this result surprised us because the temperature
sponse of the probes were usually about 0.5K/K when Al and Au
metal lines with larger~3–50mm! line widths were used to cali-
brate other probe designs@10#, as shown in Table 1. To confirm
that the low temperature response in Fig. 7 was not due to
specific design of the probe, we used the 350 nm wide line

Fig. 5 Four-probe resistance of the Au line as a function of
temperature

Fig. 6 Temperature of the Au line as a function of current

Fig. 7 Temperature rise in the Pt-Cr junction as a function of
temperature rise in the 350 nm wide line in contact with the
probe tip
APRIL 2002, Vol. 124 Õ 331
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measure the temperature responses of those probes used in T
and obtained similar low temperature responses. The probe
for Fig. 7 was also calibrated with a 5.860.2mm wide, 45
65 nm thick, and 1500mm long Joule heated Au line patterne
on 1 mm thick oxide of a silicon wafer. As shown in Fig. 8, th
measured temperature response was 0.6460.02 K/K, which was
more than an order of magnitude larger than that for the 350
wide line.

Table 1 shows that the temperature response was larger fo
50 mm wide line than for the 3mm wide line. This fact suggested
that the probes was heated more by air conduction between th
and the larger hot area for the 50mm wide line than for the 3mm
one. Here, the much lower temperature response for the 350
wide Au line led us to suspect that air conduction might be
sponsible for the large temperature response obtained for the
mm wide lines.

To determine the relative contribution of various tip-samp
heat transfer mechanisms, we Joule heated the 350 nm wide
to 5.360.1 K above room temperature and recorded the cantile
deflection and probe temperature response simultaneously w
the sample was raised toward and then retracted from the the
probe. When the sample approached the tip, the cantilever de
tion signal remained nearly zero before the sample contacted
tip, as shown in the deflection curve in Fig. 9. In this region, t
temperature response was mostly due to air conduction betw
the probe and the sample, because radiation contribution is n
gible when both the sample and the tip are close to room temp
ture @3#. As the tip-sample distance reduced, the temperature

Table 1 Temperature response of thermal probes with differ-
ent dimensions on different samples. The cantilever is a
V-shape. L is the cantilever length. W is the cantilever width
and is expressed as two times the width of each of the two SiN x
arms. Cantilever thickness tÄ0.89Á0.01 mm, tip height HÄ8
Á0.5 mm, Pt-Cr junction, junction height hÄ900Á60 nm, thick-
ness of each metal Ä75Á5 nm, metal line width wÄ5 mm. The
calibration samples were 2000 mm long Joule-heated thin film
Al lines with different line widths.

Fig. 8 Temperature rise in the Pt-Cr junction as a function of
temperature rise in the 5.8 mm wide line in contact with the
probe tip
332 Õ Vol. 124, APRIL 2002
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sponse due to air conduction increased slowly. Before the sam
made solid-solid contact to the tip, the adsorbed liquid layers
the tip and the sample bridged each other. Initially, this liqu
bridge pulled the tip down by van der Waals force, as being s
in the dip labeled as ‘‘jump to contact’’ in the deflection curv
Coincidentally, there was a small jump in the temperature
sponse curve due to conduction through the liquid bridge. As
sample was raised further, both the solid-solid contact force
the temperature response increased gradually, until the cantil
deflection reached 100 nm higher than its previous position w
the initial solid contact was just made. After this point, the tem
perature response remained almost constant as contact forc
creased.

As the sample was retracted from the tip, the temperature
sponse again remained almost constant until at a cantilever de
tion of 100 nm, the temperature response reduced roughly line
but at a smaller slope than that found in the approaching cycle
the sample was lowered further, the tip was pulled down toget
with the sample by surface tension of the liquid bridge until af
a certain point, the restoring spring force of the cantilever e
ceeded the surface tension and the tip ‘‘snapped out of cont
with the sample. Associated with the breaking of the liquid bridg
there was a small drop in temperature response.

The above experiment shows several mechanisms. First, be
tip-sample contact, air conduction contributed to a temperat
response up to 0.03 K/K, which was about 60 percent of
maximum temperature response of 0.05 K/K at large cont
force. Second, conduction through a liquid meniscus was resp
sible to the sudden jump and drop in temperature response w
the tip ‘‘jumped to contact’’ to and ‘‘snapped out of contact’’ from
the sample, respectively. Third, solid-solid conduction resulted
the almost linear increase or decrease of temperature resp
with contact force, which is a well understood feature for mac
scopic solid-solid contacts@11#. Since the temperature respons
decreased at a slower slope during unloading~decreasing contact
force!, there must have been plastic deformation during load
~increasing contact force!. For plastic deformation, contact are
increases with load@12#, resulting in the linear increase of solid
solid contact conductance with contact force. However, since
conductance was still a function of load during unloading, elas
recovery~spring back! must have been significant.

Besides the above-discussed hysteresis of temperature resp

Fig. 9 Cantilever deflection and temperature response of the
probe as a function of sample vertical position when the 350
nm wide line was raised toward and then retracted from the tip
Transactions of the ASME
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occurred during tip-sample contact, there was another hyster
in the temperature response curve after the tip was released
the sample. As shown in Fig. 9, after the tip was snapped ou
contact and when the substrate was retracted away from the
the temperature response was slightly different from those w
the tip approached the sample at the same tip-sample dista
This indicates change in cantilever-sample heat transfer betw
approaching and retraction when tip and sample were out of c
tact. One possible scenario is that resonance vibration in the
tilever was excited after the tip was snapped out of contact w
the sample. The vibration gave rise to convection and also cha
in air conduction between the cantilever and the sample, resul
in the hysteresis during approaching and retracting when tip
out of contact with the sample.

One question still remains as to why the temperature respo
saturated for cantilever deflection larger than 100 nm. To cla
this question, we first calculated the contact force correspond
to 100 nm deflection. The spring constant of the composite ca
lever beam was calculated following Roark’s formulas@13#. For a
composite beam consisting ofn different materials, the equivalen
moment of inertia

I eq5(
i 51

n S wi* t i
3

12
1wi* t i* ~yi2 ȳ!2D ; wi* 5

Ei

E1
wi ,

yi5
t i

2
1 (

j 5 i 11

n

tk , (1)

wherew, t, andE are the width, thickness, and Young’s Modulu
The centroidal axis

ȳ5

(
i 51

n

wi* t iyi

(
i 51

n

wi* t i

. (2)

The spring constant

K5
E1I eq

L3 , (3)

whereL is the cantilever length. Using the parameters listed
Table 2, we calculatedK50.3860.11 N/m. Therefore, the 100
nm deflection corresponds to a contact forceF538611 nN.

Assuming plastic deformation, this contact force resulted in
contact spot with a diameter

dc5A4F

pH
, (4)

whereH is the hardness of the tip or sample, whichever is sof
Among the tip and sample materials, the hardness of Au is
lowest @17#. For thin gold films, two measurement results forH
were reported to be 500 MPa@18# and 1.5 GPa@19#, respectively.
For H on the order of 1 GPa,dc'8 nm. As shown in Fig. 2, the
tip diameter was about 90 nm. However, the details on the tip

Table 2 Width, thickness, and Young’s modulus of the four
materials constituting the composite cantilever
Journal of Heat Transfer
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are not clearly shown in the SEM image due to the lack of re
lution. We suspect that there were asperities of about 10 nm
ameter on the tip end, as shown in Fig. 10. One of the asper
protruded out and first made contact with the sample. The lin
increase in contact area is probably due to the roughness on
surfaces of the asperity and the sample, since it is well known
in the junction of random rough surfaces, the contact area
creases linearly with contact force@20#. As the contact force in-
creased to about 38 nN, the contact size approached the diam
of the asperity. At this point, the contact area could not increa
further with contact force, until the asperity could be complete
pressed into the soft sample by a contact force much larger t
those used in the experiment. As a result, the temperature resp
in Fig. 9 remained almost constant for deflection larger than 1
nm. The feature, i.e., saturation of contact conductance at la
contact forces, was not unique only to this particular therm
probe, but was also found for several other probes. Some of th
probes had been used extensively for imaging before this fo
calibration experiment, and it was possible that some of the
perities at the tip end have been worn out. For this case, ano
asperity could protrude out at the tip end and was responsible
the conductance saturation.

Now we will investigate why the temperature responses for
5.8 mm wide heated line and the 350 nm one were so differe
We repeated the point contact experiment for the 5.8mm wide line
and the result is plotted in Fig. 11. We can see that while
increase of temperature response due to solid and liquid con
tion was similar in magnitude to that in Fig. 9, the temperatu
response due to air conduction, i.e., about 0.6 K/K, is one orde
magnitude higher than the corresponding one~0.03 K/K! in Fig. 9.

Fig. 10 A schematic diagram showing the contact between an
asperity on the tip end and the sample

Fig. 11 Cantilever deflection and temperature response of the
probe as a function of sample vertical position when the 5.8 mm
wide line approached and then retracted from the tip
APRIL 2002, Vol. 124 Õ 333
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Therefore, it is clear that for the 5.8mm wide line, air conduction
dominated tip-sample conduction and is responsible for the la
temperature response.

The above experiment reveals that the contribution of air c
duction in tip-sample heat transfer depends on the size of
heated region on the sample. For larger heated regions, air
duction may dominate tip-sample heat transfer. As the chara
istic size of the heat source reduces, the contribution of air c
duction decreases and solid and liquid conduction beco
important. For micro/nano devices with localized submicr
heated features, such as carbon nanotube circuits, air condu
contribution may reduce to a level smaller than that from so
solid and liquid film conduction@6#. In the thermal images o
these devices@6,9#, the sub-100 nm resolution was a result of t
increased contribution of local solid and liquid conductio
whereas, air contribution was insensitive to the distance betw
the tip and the heat source, giving rise to a slowly varying ba
ground signal.

Modeling
The purpose of the model is~i! to evaluate the thermal conduc

tance of the liquid meniscus, and that of the solid-solid conta
and ~ii ! to examine the possible deviation of SThM-measu
temperature profiles from the true ones due to the influence o
conduction. To do this, it is necessary to calculate the tempera
response of the probe for different tip-sample distance. In
calculation, it was assumed that the temperature was consta
each horizontal cross sections of the tip and only varied along
height ory direction, as shown in Fig. 1. This assumption can
justified because the external thermal resistance through the
much larger than the internal thermal resistance in the tip ac
each horizontal cross section. Although Fig. 1 shows that the t
in contact with the sample, we consider a general case that th
end is at a distanced above the sample. Tip-sample contact c
responds tod<0. In addition,y is measured from the end of th
tip instead of from the sample surface.

The sample was the 350 nm wide Au line Joule heated t
temperatureTs . The resulting temperature profile on the SiO2
substrate surface was calculated using a finite difference met
It was assumed that the temperature does not change alon
length of the metal line, yielding a two-dimensional problem. T
assumption can be justified by the SThM image in Fig. 4~b! and is
expected because the length of the line~20 mm! was much larger
than the thickness~1 mm! of the SiO2 film. We considered a
computation domain of 0<X<10mm and 0<Y<5 mm, as

Fig. 12 Modeled temperature profile along the X and Y axis on
the substrate of the 350 nm wide line. The inset shows the
computation domain.
334 Õ Vol. 124, APRIL 2002
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shown in the inset of Fig. 12. The temperature rise sufficiently
away atX510mm andY55 mm is assumed to be zero. We ig
nored heat dissipation through the air and assumed an adia
boundary condition on the sample surface. The symmetric ge
etry results in an adiabatic boundary condition atX50. For a grid
size of 25 nm by 25 nm, we solved the temperature distribution
the computation domain for an electrical current of 1267mA flow-
ing in the line. We confirmed that the modeled temperature pro
did not change when the grid size was increased by a factor o
The temperature profile on the top surface, i.e.,Y50, and that of
X50 are plotted in Fig. 12. The average temperature rise of
Au line was calculated to be 13.45 K, which agrees well with t
measurement result of 13.42 K obtained from Fig. 6. The temp
ture decays to almost room temperature at the SiO2 and Si inter-
face, which is expected because of the high thermal conducti
of Si compared to that of SiO2 ~see Table 3!. The temperature also
approaches room temperature forX.2 mm. The modeling re-
sults, hence, justify the assumption that temperature rise is ze
X510mm or Y55 mm.

With the known temperature profile on the substrate, the o
dimensional heat conduction equation in the tip can be written

d

dy F ~At~y!kt~y!1Amkm!
dT~y!

dy G2p~y!ha~y!tanu~T~y!

2Tsub~y!!50. (5)

Here,u and r are the half angle and the radius of the conical t
respectively, as shown in Fig. 1,At and kt are the cross section
area and thermal conductivity of the SiO2 tip, respectively,km and
Am are the cross section area and thermal conductivity of
metal coating on the tip, respectively, andp is the perimeter of the
square cross section of the tip. For each point on the perimeter
assumed that heat was conducted by air between this point a
point right below on the substrate, and treated these two point
two parallel plates. This simplified picture of tip-sample air co
duction is represented by the second term in Eq.~5!, whereTsub
was the temperature of the point on the substrate. The dista
between the two points on the tip and substrate, respectivel
y1d. The air conduction coefficientha needs to be written in
different forms for different values of (y1d)/l, wherel is the
mean free path of air molecules and is about 60 nm under amb
condition and at sea level@23#. For (y1d)/l.100, we assumed a
constant temperature gradient at the air gap and usedha
5aka /(y1d), whereka is the thermal conductivity of bulk air
and a is a geometry factor to accommodate the fact that the
and the substrate is not exactly two parallel plates. We will obt
a by fitting the modeling results with measurement data. Fo
,(y1d)/l,100, significant temperature discontinuity may d
velop at the air-solid boundaries because intermolecular collis

Table 3 Thermophysical properties of candidate probe mate-
rials
Transactions of the ASME
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become less frequent and molecules arriving at the solid surf
are unable to come into equilibrium with the surface@23#. In this
so-called slip regime,

ha5
aka /~y1d!

112 f l/~y1d!
; f 5

2~22A!g

A~g11!Pr
, (6)

whereA is a thermal accommodation coefficient and is about
for air, g is the ratio of air heat capacity, and Pr is the Pran
number. For (y1d)/l,1,

ha5
aka8

~y1d!~112 f !
; ka85CV~y1d!/3, (7)

whereka8 is the thermal conductivity of air in the free molecu
flow regime, andC andV is the heat capacity and velocity of a
molecules, respectively.

The boundary conditions are

~Atkt1Amkm!
dT

dy
5

T2Ts

Rts
, at y50 (8a)

~Atkt1Amkm!
dT

dy
5

T02T

Rc
, at y5H, (8b)

whereRts is the tip-sample thermal resistance. When the tip is
in contact with the sample,Rts5@ha(At1Am)#21uy50 , as a result
of air conduction between the tip end and the sample. When
tip was in contact with the sample, ord<0, Rts is due to solid-
solid and liquid film conduction and will be obtained by fitting th
modeling result with measurement data.T0 is the ambient tem-
perature.

When the cantilever was oriented perpendicular to the 350
wide metal line with the tip above the center of the line, t
substrate right below the cantilever arm was more than 2.5mm
away from the metal line, because the base of the tip was 5mm
wide, as shown in Fig. 1. For the 350 nm wide line, the subst
temperature approaches room temperature forX.2 mm, as
shown in Fig. 12. Accounting for air conduction between the c
tilever and the room temperature substrate below, the therma
sistance of the cantilever,Rc is solved using fin theory@24#

Rc5
tanh~mL!

mkcwt
; m5Aha

kct
, (9)

whereL, w, t, andkc are the length, width, thickness, and therm
conductivity of the cantilever, respectively,ha is the heat conduc-
tion coefficient of the air gap between the cantilever and the s

Fig. 13 Electrical resistivity as a function of the thickness of
the Pt and Cr films
Journal of Heat Transfer
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strate and was calculated following the discussion in the prec
ing paragraph witha51 because the cantilever and the substr
can be treated as two parallel plates.

The thermophysical properties of candidate probe materials
tabulated in Table 3, where the thermal conductivity data of
metals are for pure bulk metals. To determine the thermal cond
tivities of the thin metal films, we measured their electrical co
ductivities as a function of thickness, as shown in Fig. 13. Us
Wiedemann-Franz law and assuming that the reduced ther
conductivities of the thin metal films had the same proportiona
with the reduced electrical conductivities@25#, we estimated the
thermal conductivities of the thin metal films on the cantileve
From the electrical conductivity measurements, the correction f
tors with respect to bulk values were 0.3 for Pt and 0.39 for
For the even thinner metals on the tip, the correction factor w
0.22 for Pt and 0.28 for Cr. It is unnecessary to correct the ther
conductivity of SiO2 at the SiO2 tip end, because the phono
mean free path in amorphous SiO2 is expected to be shorter tha
the size of the end of the SiO2 tip @26#, which was about 20 nm.

Equation ~5! was solved using a finite difference method
obtain the temperature distribution in the tip, i.e.,T(y), for dif-
ferent value of tip-sample distanced. A non-dimensional tempera-
ture at a distancey away from the sample was defined as

f~y!5
T~y!2T0

Ts2T0
. (10)

Due to the particular geometry of the junction at the tip end, t
measured thermal signal corresponds to the temperature differ
between the room temperature and that at about 900 nm a
from the tip end for the probe shown in Fig. 2. We plotted t
modeled temperature responsef(y5900 nm) as a function of
tip-sample distance in Fig. 14. Two measurement results are
shown in Fig. 14. The sample travelling range was 0.5mm for the
measurement result in the inset and 3.8mm for the other one. For
the one with 3.8mm travelling range, the distinction between th
sudden jump due to liquid conduction and the gradual incre
due to solid-solid conduction is unclear due to the lack of reso
tion in sample position. To fit the modeling results with the e
perimental ones while the tip was not in contact with the samp
we useda50.8 to correct tip-sample air conduction for the d
viation from that between two parallel plates. Considering t
0.01 K/K uncertainty in the measured temperature response,
estimated the uncertainty ina to be60.1. After obtaininga, we
usedRts5(1.560.3)3108 K/W to fit the magnitude of the tem-
perature jump due to liquid film conduction. This resistance va
corresponds to a liquid film thermal conductanceGl f 56.7
61.5 nW/K. To fit the modeling result with the measured sa
rated value of temperature response at the critical contact fo

Fig. 14 Modeled and measured temperature responses of the
probe as a function of sample vertical position when the 350
nm wide line approached the tip
APRIL 2002, Vol. 124 Õ 335
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F538611 nN, we used a solid-solid contact conductance
Gss5(2966) nW/K, assuming that liquid film conductance d
not change for contact forces smaller than 38611 nN. Therefore,
the proportionality between solid-solid contact thermal cond
tance and contact pressure isGss/F50.7660.38 W/m2-K-Pa.

The estimated liquid and solid-solid conductances are diffe
from what were suggested by previous work@7#. In that work, the
solid-solid conductance was estimated to be on the order of
100 nW/K, which was close to what was found in this wor
However, the liquid film conductance was estimated to be on
order of 1mW/K, two orders of magnitude larger than the curre
result. The estimation of liquid film conductance did not inclu
the contact conductance at the solid-liquid interfaces, which m
be much lower than the conductance through the liquid film
monolayer thickness. Therefore, the liquid film conductance co
be quite low, as found in this study.

The low solid-solid and liquid-solid contact conductance resu
in low temperature responses for samples with a localized sub
cron heated region, such as the 350 nm wide line as wel
defective submicron VLSI vias or current carrying-carbon na
tubes. To improve the temperature response, there is still s
room to improve regarding the thermal design of the probes
fact, the current probes made of low-thermal conductivity mat
als was expected to have larger temperature response than
constructed from high-thermal conductivity ones. To confirm th
we calculated the temperature response of the probe for diffe
probe materials. For a liquid film conductanceGl f 56.7 nW/K and
a maximum solid-solid contact conductanceGss529 nW/K, the
temperature distribution in the tip is calculated for different co
binations of tip and cantilever materials and is plotted in Fig.
Clearly, the temperature response of the probe is improved
using low thermal conductivity materials such as SiNx and SiO2 .
The temperature response can be further improved for sm
~100–300 nm high! junctions and narrower cantilever width, et
as discussed in another paper@10#.

Last, due to the influence of air conduction, the measured t
perature profile may deviate from the true one. This may oc
even when air conduction contribution decreases for the 350
wide line and other micro/nano devices with submicron localiz
heated features. Using the above model withGl f 56.7 nW/K, and
a solid-solid conductanceGss514.5 nW/K corresponding to 50
nm cantilever deflection, anda50.8, we predicted that the
SThM-obtained temperature profile across the 350 nm wide
decays slower than the true substrate temperature shown in
12. The predicted SThM measurement result and the subs
temperature profile from Fig. 12 are plotted in Fig. 16. For t
ease of comparison, we plotted a dimensionless temperatuf

Fig. 15 Temperature in the tip as a function of y for different
tip and cantilever materials
336 Õ Vol. 124, APRIL 2002
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defined asf5DT(X)/DT(0), whereDT(X) is the temperature
rise of the sample surface at a distanceX away from the center of
the Au line. To confirm the prediction, the SThM-measured te
perature and height profiles are also shown in Fig. 16. Note
the cantilever deflection was maintained at 50 nm during tip sc
ning. Figure 16 shows that the measurement result agrees
with the prediction. This confirms that the modeling results
Gl f , Gss, anda are in the correct ranges. Furthermore, the res
in Fig. 16 suggest that it is desirable to perform SThM at vacuu
as has been demonstrated by Nakabeppu et al.,@27#, in order to
eliminate the unwanted influence of air conduction.

Conclusion
We have experimentally investigated the heat transfer mec

nisms at the SThM tip-sample contact with a contact diamete
90610 nm. The contribution of tip-sample air conduction d
pends on the size of the heated region on the sample and is
sensitive to tip-heat source distance. For large heated regions
conduction dominates tip-sample heat transfer, resulting in la
temperature responses. For micro/nano devices with submi
localized heated region, the contribution of air conduction d
creases; whereas, conduction through the solid-solid contact a
liquid meniscus become important, resulting in sub-100 nm s
tial resolutions achieved in SThM images. Despite the supe
spatial resolution, SThM-measured temperature profiles dev
from the true one due to the influence of air conduction. The
fore, it is desirable to perform SThM in vacuum to eliminate t
unwanted influence of air conduction.

To estimate the magnitude of solid-solid and liquid film co
ductance, we developed a one-dimensional heat conduction m
considering various microscale heat transfer mechanisms. U
the model, we inferred from the experimental data that the ther
conductance of the liquid meniscus wasGl f 56.761.5 nW/K.
Solid-solid conduction increased linearly with the contact for
with a contact conductance of 0.7660.38 W/m2-K-Pa. For con-
tact forces larger than 38611 nN, solid-solid conductance satu
rated. This is most likely because at large contact forces, the
tact size between the sample and an asperity on the tip
approached the asperity diameter of about 10 nm, and could
increased further with contact force.
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Fig. 16 Modeled temperature profile, predicted SThM-
measured temperature and actual SThM measured temperature
and height profiles across the 350 nm wide line
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Nomenclature

A 5 thermal accommodation factor for air conduction
when the length scale is close to the mean free
path of air molecules

C 5 specific heat of air~W/kg-K!
d 5 contact diameter~m! or tip-sample distance~m!
G 5 thermal conductance~W/K!
h 5 air conduction coefficient~W/m2-K!
H 5 height of the tip~m! or hardness~Pa!
I 5 current~A!
k 5 thermal conductivity~W/m-K!
K 5 spring constant~N/m!
L 5 length of the cantilever~m!
n 5 number of materials of the composite cantilever
p 5 perimeter of a horizontal cross section of the tip

~m!
r 5 tip radius~m!
R 5 thermal or electrical resistance~K/W or V!
t 5 cantilever thickness~m!

T 5 temperature~K!
V 5 velocity of air molecules
W 5 cantilever width~m!

x, X, y, Y 5 coordinate~m!

Greek Letters

a 5 correction factor for air conduction between the tip
and sample

d 5 thickness of the metal film~m!
DT 5 temperature rise~K!

f 5 dimensionless temperature
l 5 mean free path of air molecules~m!
u 5 half angle of the conical tip~°!

Subscripts

a 5 air
c 5 cantilever or contact
lf 5 liquid film
m 5 metal film
t 5 tip

ts 5 tip to sample
s 5 sample

ss 5 solid-solid
0 5 ambient condition
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