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Scanning thermal probes are widely used for imaging temperature fields with nanoscale resolution,

for studying near-field radiative heat transport and for locally heating samples. In all these applica-

tions, it is critical to know the thermal resistance to heat flow within the probe and the thermal contact

resistance between the probe and the sample. Here, we present an approach for quantifying the afore-

mentioned thermal resistances using picowatt resolution heat flow calorimeters. The measured contact

resistance is found to be in good agreement with classical predictions for thermal contact resistance.

The techniques developed here are critical for quantitatively probing heat flows at the nanoscale.
VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4902075]

Scanning probe techniques play an important role in

understanding nanoscale energy conversion and transport.1–4

Specifically, scanning thermal microscopy (SThM) has been

widely used for local measurements of temperature

fields,5–16 thermal conductivity,17–19 thermopower,20,21

atomic-scale heat dissipation,3 and even nanoscale thermal

lithography.22,23 In all SThM techniques, a temperature sen-

sor (thermocouple or resistance-based thermometer), which

can measure local temperatures and/or generate local heat-

ing, is integrated into the probe. Despite its wide applicabil-

ity, the use of SThM for characterization of heat flows and

local thermal conductivity has been limited by difficulties in

quantitatively measuring the resistance to heat flow within

the probe (Rp) and the resistance to heat flow at the tip-

sample interface (Rc). In addition, it is challenging to compu-

tationally estimate Rp and Rc due to intrinsic variability of

the fabricated tip geometry, and inadequate knowledge of

the thermal conductivity of the probes’ thin films, which

depends both on film thickness and deposition conditions.

Past work has sought to quantify Rc and Rp of scanning

probes using various schemes, including the incorporation of

a resistive heater thermometer, which enables the quantifica-

tion of the temperature rise when a known amount of heat is

input into the cantilever,24 or by monitoring the deflections

of bimaterial cantilevers when a laser beam is incident on

the cantilever.25 Although these approaches are suitable for

scanning probes that are properly modified to incorporate

resistive heater thermometers or to enhance bimaterial

effects, they cannot be easily adopted to measure Rp of

widely used SThM probes19,26 that incorporate a nanoscale

thermocouple at the tip of the probe.

To overcome this problem, we developed a platform,

schematically shown in Fig. 1, which enables accurate char-

acterization of SThM probes by quantifying heat flows from

a calorimeter into the probe. In brief, characterization of

thermal resistance is accomplished by placing the scanning

probe in contact with a heat-flow calorimeter that is capable

of resolving heat flows with �10 pW resolution.27 Upon

inputting a sinusoidally modulated heat current into the sus-

pended region of the calorimeter, the temperature of the sus-

pended region (DTcal) is modulated at an amplitude that is

proportional to the thermal resistance of the suspension

beams. Contacting the suspended calorimeter with the tip of

a SThM probe creates an additional conduction path through

the probe resulting in both a heat current through the probe

and temperature oscillations with amplitude DTp in the tip of

the probe. Further, DTcal is attenuated due to the introduction

FIG. 1. (a) Schematic diagram of the experimental approach along with a

thermal resistance network that captures the dominant resistances to heat

flow in the calorimeter, the nanoscale contact, and the SThM probe. Here,

T0, Tcal, and Tp are the room temperature, the temperature of the calorimeter

and the SThM probe, respectively. (b) and (c) Scanning electron microscope

images of the nanofabricated SThM probe and the suspended heat-flow

calorimeter.
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of an additional pathway for heat conduction. For accurate

calibrations, we simultaneously record the amplitudes of the

temperature changes in the scanning probe tip (DTp) and the

suspended calorimeter (DTcal) when the probe tip is both in

contact and out of contact with the calorimeter. The differ-

ence in temperature of the suspended region with and with-

out probe contact allows us to precisely quantify the heat

flow through the probe (Qp) as the differences are due to the

additional heat loss through the probe. Further, from the

measurement of DTp, we are able to determine both Rp and

Rc following the resistance network shown in Fig. 1. Below,

we provide a detailed explanation of this characterization

method.

Scanning electron microscope images of the SThM

probe and the calorimeter used in the experiments are shown

in Figs. 1(b) and 1(c), respectively. The probe consists of a

V-shaped SiNx cantilever, which features an �8 lm tall sili-

con dioxide tip, a gold-chromium (Au-Cr) thermocouple

junction (�100 nm in size) that is integrated into the end of

the tip, and a 100 nm thick layer of SiO2, which forms the

outermost layer of the tip. The calorimeter features an 80 lm

� 60 lm suspended SiNx region that is thermally isolated

from the device substrate by four 400 lm long SiNx suspen-

sion beams that have a width of �2 lm and thickness of

�500 nm. Further, 4-probe platinum (Pt) serpentine lines

with a resistance of �7.5 kX, which serves as a Pt resistance

heater and thermometer, are integrated into the suspended

region. The details of fabrication of these devices can be

found elsewhere.12,27

All the experiments were performed in an ultra-high

vacuum chamber (<10�9 torr) to eliminate parasitic heat

conduction and convection through air. When the scanning

probe is placed in contact with the calorimeter, as shown

schematically in Fig. 1(a), heat transport through the probe is

primarily dominated by the resistance to heat flow via the

point contact (Rc). We note that the contributions of radiative

heat transfer (including near-field) between the SiO2 coated

tip and the SiNx coated sample can be estimated using the

formalism of fluctuational electrodynamics28,29 and are neg-

ligible (<2 nW/K) in comparison with the conductive heat

transport via the point contact. Therefore, heat transfer can

be accurately modeled using the resistance network shown in

Fig. 1(a). In the resistance network, Qt represents the total

Joule heating in the calorimeter, and Qcal and Qp are the heat

flows through the beams of the calorimeter and through the

probe, respectively, while Rcal is the thermal resistance of

the beams of the calorimeter. Finally, T0, Tcal, and Tp are the

temperatures of the ambient, the calorimeter, and the tip of

the SThM probe, respectively.

When the probe is placed in contact with the heated calo-

rimeter, heat flows from the calorimeter into the probe and

results in an increase in the temperature of the probe tip,

which can be measured using the integrated thermocouple.

We note that the heat flow through the probe (Qp) can be read-

ily obtained from Qp¼Qt � Qcal, if Qt and Qcal are accurately

characterized. Further, Rp can be quantified by Rp¼DTp/Qp.

The first step in the characterization procedure is to determine

the thermal resistance of the calorimeter (Rcal) using the Pt re-

sistance heater-thermometer (PRHT) integrated into the calo-

rimeter. We supplied a modulated electrical current I¼ I0

cos(2pft) through the PRHT, which results in modulated Joule

heating. The total Joule heating consists of the heat dissipated

in the suspended region (Qsus) and the heat dissipated in the

suspension beams (Qbeam). Specifically, Qsus is given by

Qsus ¼ I2
0
Rel;sus

2
1þ cosð2� 2pftÞÞð , where Rel.sus is the electri-

cal resistance of the suspended region (7544 6 1 X), and

Qbeam is given by Qbeam ¼ I2
0
Rel;bean

2
1þ cosð2� 2pftÞÞð , where

Rel.beam is the electrical resistance of the metal line (835 6 5

X) on the suspension beams. This modulated Joule heating

induces sinusoidal temperature oscillations at 2f with ampli-

tude DTcal in the suspended region, which can be easily

measured by monitoring the voltage output at 3f:

V3f ¼ I0aRel:sus

2
� DTcal, where a is the temperature coefficient

of resistance (TCR) and was measured to be 1.7 � 10�3 K�1

(Ref. 28). The heating frequency (2f) was chosen to be 1 Hz,

which is lower than the characteristic roll-off frequencies of

the SThM probe (�40 Hz)12 and the calorimeter (�5 Hz, see

inset of Fig. 2). Such a choice enables us to assume quasi-

static conditions as the characteristic thermal time constants

are much smaller than the time scale over which the modula-

tion is performed. Further, under such conditions, the resist-

ance network shown in Fig. 1(a) can be readily employed to

obtain the thermal resistance of the beams (Rcal) from

Rcal¼DTcal /Qt, where Qt¼QsusþQbeam / 2 (Ref. 27).

The measured temperature amplitude of the calorimeter

(DTcal) as a function of the total Joule heating (Qt) is shown

in Fig. 2. It can be seen that DTcal increases linearly with Qt

with a slope representing the thermal resistance of the calo-

rimeter (Rcal), which was found to be 6.37 � 106 K/W. To

quantify the thermal properties of the SThM probe, we

placed the scanning probe in contact with the calorimeter at

a contact force of �150 6 15 nN (monitored using an optical

lever-based feedback system) and measured the temperature

amplitudes of the SThM probe (DTp) and the calorimeter

(DTcal) simultaneously. The measured DTp and DTcal as a

function of the total Joule heating (Qt) are shown in Fig. 3,

here DTp is obtained by measuring the voltage output (DVp)

FIG. 2. Measured amplitude of temperature oscillations of the calorimeter

(DTcal) as a function of the total Joule heating (Qt) in the calorimeter.

During this measurement, the tip is not in contact with the calorimeter. The

inset shows the normalized amplitude of temperature oscillations of the calo-

rimeter (normalized with respect to the response at the lowest frequency) as

a function of the heating frequency.
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from the thermocouple integrated into the probe and relating

the measured output to the temperature rise by DTp¼DVp/
SJunc, where SJunc is the junction Seebeck coefficient of the

integrated thermocouple and is12 �16.28 6 0.15 lV/K.

The heat flow through the probe Qp is obtained from

Qp ¼ Qt � DTcal

Rcal
with knowledge of the previously measured

value of Rcal. In Fig. 4, DTp is plotted as a function of Qp. It

can be seen that DTp increases linearly with Qp because the

thermal resistance of the SThM probe and the contact do not

change with time. This slope DTp/Qp is the thermal resist-

ance of the SThM probe (Rp) and is found to be (1.6 6 0.06)

� 106 K/W. In a previous study,12 we estimated Rp for a sim-

ilar probe to be �5 � 106 K/W using a numerical model. The

discrepancy between the measured and the modeled values

can be attributed to the uncertainties that arise from inad-

equate knowledge of the tip geometry and thermal conduc-

tivity of thin films.

Next, we measured the thermal resistance of the nano-

contact (Rc) between the silicon dioxide coated probe and

the silicon nitride membrane of the calorimeter. Specifically,

Rc can be obtained from Rc ¼ DTcal�DTp

Qp
and was found to be

(4.96 6 0.24) � 107 K/W. In order to compare the measured

Rc with predictions of classical theory, we also estimated Rc

from the following expression:1

Rc ¼
1

pa
� 2ks þ ktip tan h

ksktip tan h
; (1)

where ktip (�1 Wm�1K�1 for silicon dioxide30) and ks

(�2 Wm�1K�1 for silicon nitride31) are the thermal conduc-

tivities of the tip and the surface, respectively, a is the diam-

eter of the point contact12 (14.3 nm) determined by Hertzian

theory for a contact force of 150 nN, the tip radius is esti-

mated to be 200 nm due to coating with 100 nm thick SiO2

on top of the original SThM probe tip (radius of 100 nm),12

and h (34�) is the half angle of the conical tip. The estimated

value of Rc is �7.71 � 107 K/W and is in reasonable agree-

ment with the measured value. We note that the uncertainties

in the measured Rp and Rc are <5% and arise predominantly

from the uncertainty in the measured DTp, DTcal, and in the

estimated Rel.beam. Further, we have also performed similar

experiments using a probe coated with 100 nm of SiNx and

the calorimeter described above. From these measurements,

we found the probe resistance to be �1.34 � 106 K/W and

the thermal contact resistance to be 1.3 � 107 K/W, which is

in good agreement with predictions based on classical theory

for thermal contact resistance. Finally, we note that when the

contact force is controlled to be �150 6 15 nN, the variation

in the contact resistance across junctions formed at different

points on the calorimeter (using the same probe) was <5%.

To summarize, we presented an approach to characterize

thermal resistances of SThM probes and the nano-contact

between the probe and the sample using a suspended heat-

flow calorimeter. The presented technique is expected to

play an important role as accurate knowledge of these ther-

mal resistances is key to measuring local temperatures, heat

flows, and thermal contact resistance in various nanoscale

devices and structures.
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