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Accurate measurements of the thermal resistance between micro-objects made of insulating materials
are complex because of their small size, low conductivity, and the presence of various ill-defined gaps.
We address this issue using a modified scanning thermal microscope operating in vacuum and in air. The
sphere-plate geometry is considered. Under controlled heating power, we measure the temperature on top
of a glass microsphere glued to the probe as it approaches a glass plate at room temperature with nanometer
accuracy. In vacuum, a jump is observed at contact. From this jump in temperature and the modeling of
the thermal resistance of a sphere, the sphere-plate contact resistance RK = (1.4 ± 0.18) × 107 K W−1 and
effective radius r = 36 ± 4 nm are obtained. In air, the temperature on top of the sphere shows a decrease
starting from a sphere-plate distance of 200 μm. A jump is also observed at contact, with a reduced
amplitude. The sphere-plate coupling out of contact can be described by the resistance shape factor of
a sphere in front of a plate in air, placed in a circuit involving a series and a parallel resistance that are
determined by fitting the approach curve. The contact resistance in air R∗

K = (1.2 ± 0.46) × 107 K W−1

is then estimated from the temperature jump. The method is quantitative without requiring any tedious
multiple-scale numerical simulation, and is versatile to describe the coupling between micro-objects from
large distances to contact in various environments.

DOI: 10.1103/PhysRevApplied.15.014063

I. INTRODUCTION

The effective thermal conductivity of complex insulat-
ing materials drastically depends on their microstructure
[1,2]. In general, they are made of low thermal conductiv-
ity micrometer-sized elements in contact or near to contact.
Enhanced insulation results from a high resistance between
them that hampers heat flow through the material. It is of
crucial importance to have a detailed knowledge of the
thermal resistance between the constitutive microelements
of insulating materials, both in air and in vacuum, but
accurate measurements are complex to perform because
of their small size and very low thermal conductivity.
To describe the heat transfer processes at a microscopic
scale, a distinction must be made between situations in
which microelements are close to contact or in contact.
Different heat transfer channels are expected to contribute
between very close microelements. If they are separated
by a vacuum gap smaller than the thermal wavelength
λBB ≈ 10 μm at room temperature, the radiative heat trans-
fer should be enhanced by the contribution of evanescent
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waves [3–9], but under ambient conditions, this radiative
contribution is outplayed by conductive and convective
transfer. If the microelements are in contact, an additional
heat transfer occurs due to conduction through the solid
phase and a water meniscus potentially surrounding the
contact area [10].

In insulating materials made of fibers or grains,
microelements are separated by a large variety of gaps.
A well-known example is glass wool, a biphasic material
made of randomly distributed glass fibers with a diameter
of the order of tens of micrometers, interacting at various
distances, from hundreds of micrometers to contact. From
a theoretical point of view, handling this variety of scales is
a challenge for numerical simulations. Therefore, an ana-
lytical model would be versatile to estimate the heat flux as
a function of the gap. Yet, there has been little effort to ana-
lytically model heat transfer between two bodies separated
by small gaps or in contact under ambient conditions [11].

On the experimental side, scanning thermal microscopy
(STM) is ideally suited to perform local thermal investi-
gations that require a control of the position of a small
thermal sensor with nanometer accuracy. It consists of
an atomic force microscope probe including a very small
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thermometer on its tip, whose position with respect to the
sample surface is adjusted by means of piezoelectric trans-
lations. Such a sensor is generally employed for thermal
characterization with nanometer spatial resolution of nano-
materials, nanostructures, and nanoscale devices [12,13]. It
has also been used to investigate the thermal contact resis-
tance between the probe tip and a planar substrate [14–18]
and to measure the thermal resistance due to a water menis-
cus formed around the probe-substrate contact region [19].
Most STM studies use a thermal sensor placed in direct
contact with the sample, which raises subtle metrological
issues [12,20]. In recent studies a microsphere was glued
on the probe of a STM to study the near-field radiative heat
transfer in a sphere-plate geometry on a phase transition
material [21] or on a photovoltaic cell [22].

In this paper we propose a STM-based method to inves-
tigate the thermal resistance between a glass microsphere
and a glass plate separated by a gap varying from hundreds
of micrometers to contact, both under vacuum and ambient
conditions. The strategy relies on the use of a STM probe
working in active mode, i.e., both as thermometer and
heater, with a glass microsphere glued on its tip. The trans-
fer between the glass sphere and the plate is disentangled
from the transfer between the heater and the environment
through other paths, by monitoring the temperature at the
top of the sphere as it approaches the plate and makes con-
tact with it. The study intends to provide better insight into
how heat is transferred between micrometer-sized glass
elements within complex insulating materials like glass
wool.

First, we describe the experimental setup. Then, we
solve the problem of heat conduction in vacuum based
on measurements combined with an analytical expression
of the thermal resistance of a sphere, which leads to an
accurate estimate of the sphere-plate thermal contact resis-
tance and of the contact effective diameter. Finally, the heat
conduction problem in ambient conditions is also tackled
theoretically using a phenomenological approach based on
a shape factor that properly describes the approach curve
of the sphere towards the plate. A good estimate of the
sphere-plate contact resistance is also obtained in these
more complex conditions.

II. EXPERIMENTAL SETUP

To investigate the sphere-plate geometry, a borosilicate
glass sphere of calibrated diameter D = 20.7 ± 1 μm from
Duke Standards is attached with epoxy glue to the trun-
cated pyramidal tip of a STM probe fabricated by Kelvin
Nanotechnology (KNT), as shown in Fig. 1. The probe is
made of silicon nitride (Si3N4) and carries a thermoresis-
tive thin palladium strip patterned on the flat portion of
the pyramidal tip. Its temperature coefficient of 0.74 �/K
is obtained by placing the entire STM probe in an iso-
lated oven whose temperature can be accurately controlled

Microsphere
(Diameter D = 20.7 μm)

Pd strip
Heater (PJ)
Thermometer (Ttop)

Glue

STM can�lever

Gapd

Plate Troom

Troom

Si3N4
Au

Vacuum or Air

FIG. 1. (a) Sketch of the STM-based setup used for the
determination of the contact or near-contact thermal resistance
between a microsphere and a plate made of borosilicate glass.
A calibrated thermoresistive palladium (Pd) strip is used to heat
the top of the microsphere by Joule heating using a dc current
Idc while a small ac current Iac is applied to measure the temper-
ature Ttop via the strip resistance R(T) measured by means of a
Wheatstone bridge, as described in the Appendix.

while the strip electrical resistance R is measured. To per-
form the thermal measurements, we developed a setup
that can operate either under vacuum or ambient condi-
tions. It combines a SmarAct linear piezoelectric stepper
motor and a Piezosystem Jena linear continuous piezoelec-
tric positioner. This allows us to perform displacements
for measurements requiring a sphere-plate separation up to
several hundreds of micrometers, and fine approach mea-
surements when the sphere is close to contact with the
plate. The latter is a borosilicate glass microscope cov-
erslip. A secondary vacuum of approximately 10−6 mbar
is achieved by connecting a turbo pump to the chamber.
The top of the glass microsphere is glued to the palladium
strip on the STM probe. The latter is used both for local
temperature measurements and heating. The heated micro-
sphere is held above the glass plate at a room temperature,
Troom. The gap between the base of the sphere and the plate
surface is precisely adjusted with the piezoelectric stages
while the temperature at the sphere top is monitored.

The STM probes from KNT used in these experiments
have a typical room-temperature resistance of 350 �. The
temperature at the top of the microsphere Ttop is obtained
by measuring the electrical resistance of the thermoresis-
tive palladium strip glued to it. This electrical resistance
R(T) is accurately measured by integrating it in a highly
sensitive Wheatstone resistance bridge built at LNE (see
the Appendix). The bridge is biased with an ac voltage
superimposed to a dc voltage that are controlled by the
internal oscillator of a lock-in detector and a Yokogawa
voltage source, respectively. An ac polarization current
Iac (approximately 30 μA at 873 Hz, typically) circu-
lates through the palladium strip. The resistance R(T) is
obtained from the three other reference resistances con-
stituting the bridge and the ac voltage unbalance detected
by the lock-in detector. It is then easy to obtain Ttop based
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on a fine calibration of the temperature-resistance relation-
ship carried out prior to measurements. We are able to
resolve temperature variations of the order of 10 mK. To
use the probe in active mode, a dc current Idc of a few
hundred microamperes (400–500 μA, typically) is super-
imposed on the ac current. This produces a well-defined
and well-controlled local Joule heating of the STM tip and
of the glass microsphere attached to it. This injected power,
PJ = RIdc

2, is adjusted around 70 μW. All measurements
are performed without a deflection laser or tip illumina-
tion, in order to prevent uncontrolled heat injection and to
reduce measurement noise [20,23].

In the experiments, the dissipated heat power PJ is
applied at the top of the glass microsphere and results
in a temperature increase of the STM probe above room
temperature Troom (approximately 30 ◦C in the experiments
discussed in this paper) whose magnitude �Ttop = Ttop −
Troom depends on the environmental conditions of the
microsphere. This heat flux is dissipated through several
channels, including radiation between bodies, conduction
in the air, the glass sphere, the STM cantilever, through the
sphere-plate contact, and convection. In vacuum, conduc-
tion and convection in air are suppressed.

To characterize these thermal conductance channels, we
measured the temperature Ttop at the top of the sphere as a
function of the separation d between its base and the glass
plate from large distances to contact, first in vacuum, and
then in air. The result of these measurements are presented
and discussed in Secs. III and IV, respectively.

III. HEAT TRANSPORT UNDER VACUUM
CONDITIONS

The first measurements are performed in high vacuum
at a pressure of 10−6 mbar such that the mean free path
of air molecules approximately equal to 100 m is much
larger than the vacuum chamber. In Fig. 2(a) we present
the results of temperature measurements recorded when
the microsphere is approached towards the plate. In the
experiment, a heat power PJ = 71 μW produces a temper-
ature increase �Ttop = 15.30 K in the absence of contact
between the microsphere and the plate. The total thermal
conductance between the thermoresistive palladium strip
and the environment before contact is thus Gtotal(d > 0) =
4.6 μW K−1. The temperature at the top of the sphere
as a function of the distance is mostly constant and only
exhibits an abrupt drop in amplitude δTtop � 175 mK at
d = 0. This drop corresponds to contact: a new conductive
channel opens and substantially increases heat leakage.
Note that besides the steplike variation, slow fluctuations
are superimposed on the approach curve as the vacuum
configuration requires the use of an electrical wiring that
is not as well optimized as in air in terms of length,
intermediate connections, and thermal shielding.

(a)

(b) (c)

FIG. 2. (a) Vacuum measurement with PJ = 71 μW of the
temperature difference �Ttop = Ttop − Troom as a function of the
distance d between the base of the microsphere and the glass
plate. Here d = 0 corresponds to the occurrence of the sphere-
plate contact where a sudden temperature jump in amplitude
δTtop = 175 mK occurs. (b) Scheme showing the various resis-
tances through which heat can flow before and after the contact
is established between the sphere and the plate. Here RC is the
thermal cantilever resistance, RS is the sphere resistance, and RK
is the sphere-plate contact resistance. (c) Isotherms of an isolated
sphere heated on a pole and cooled on the other. We denote by
a the size of the palladium strip and by r the equivalent size of
contact.

The radiative conductance between a 20 μm diam-
eter glass microsphere and a glass plate is only of a
few nW K−1 at maximum in the far field: GFF(T) =
2πR24σε(Tsphere)T3, with R the radius of the sphere, σ

the Stefan constant, and ε(Tsphere) the emissivity of sili-
con dioxide at the sphere temperature Tsphere [6,24]. For a
sphere heated up to 45 ◦C, the conductance is GFF(T) =
1.6 nW K−1. This value increases by a few nW K−1 in
the near field. The radiative conductance has only been
observed so far with STM techniques provided that the
temperature difference between the sphere and the plate
was of the order of hundreds of kelvins [21,22]. Its
measurement with smaller temperature differences was
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possible with ultrasensitive fluxmeters [6,9]. The sensi-
tivity of our STM-based setup is deduced from the noise
on the temperature measurement before contact, which is
found to be 10 mK, corresponding to a conductance sen-
sitivity of 3 nW K−1, and having the same order as the
near-field contribution observed in Ref. [6] for a 22 μm
glass sphere. Near-field effects are not observable at this
stage with our setup for such a sphere diameter.

Neglecting this contribution compared to conduction,
the cantilever conductance can be directly inferred from
measurements out of contact (d > 0). In Fig. 2(b) we
sketch the thermal resistance circuit to be considered in
the experiment. It involves three thermal resistances asso-
ciated with the cantilever, RC, the sphere, RS, and the
sphere-plate contact, RK , and the corresponding conduc-
tances GC,S,K = 1/RC,S,K . Since before contact RK � ∞,
the sphere is isothermal and all the heat dissipated at the
palladium strip flows through the cantilever whose anchor
point is at room temperature. The cantilever conductance
GC is equal to the total thermal conductance before contact:
GC = Gtotal(d > 0) = 4.6 μW K−1.

In Fig. 2(a) we show that the temperature measured at
the top of the sphere drops abruptly by an amount δTtop
at d = 0 when the base of the sphere makes contact with
the plate. This drop corresponds to the opening of a new
conduction channel for heat at contact, as illustrated in
Fig. 2(b). Note that �Ttop still decreases by about 25 mK
between 0 and −10 nm as the sphere is further pressed
against the plate, which is likely due to a small deforma-
tion of the contact region. With the sphere in contact with
the plate held at Troom, heat can flow from the heated palla-
dium strip through the sphere and the contact. The sphere
is no longer isothermal. Its resistance is in series with
the sphere-plate contact resistance, and the total conduc-
tance increases by an additional term (1/GS + 1/GK)−1

compared to its value GC before contact:

Gtotal(d = 0) = PJ

�Ttop(0)
= 1

RS + RK
+ GC. (1)

Here �Ttop(0) is the temperature difference at contact. This
provides a way to calculate the contact resistance RK from
the measured values of Gtotal in contact and before contact.

The calculation of RK from the measurement of
Gtotal(d = 0) thus requires determining the sphere thermal
resistance RS. The latter can be calculated in analogy to
the electrical resistance of a sphere because the poles are
considered as heat source and sink, and the surface of
the sphere is isolated everywhere else due to a negligi-
ble radiative heat transfer. The problem of a conducting
sphere was addressed analytically by Landau and Lif-
shitz [25] and Solivérez [26]. The resistance of a sphere
of radius R and conductivity k whose poles are con-
nected with equal-size contacts of radius r � R is RS(r) =

(1/πk){(1/r) + (1/2R)[ln(4R/r) − 1]} [26]. In our exper-
iment, k = 1 ± 0.1 W m−1 K−1 is the conductivity of glass.
Heat is injected via the palladium strip that forms a con-
tact of radius a = 1 μm with the sphere top, and then
sinks via the sphere-plate contact of radius r. We thus
have two hemispheres with different contact radii in series
as illustrated in Fig. 2(c). The sphere resistance is then
RS(a, r) = 1

2 RS(a) + 1
2 RS(r), which yields the expression

for the resistance of a sphere of radius R and conductiv-
ity k with different contact radii a, r at the north and south
poles, respectively:

RS(a, r) = 1
2πk

{
1
a

+ 1
r

+ 1
2R

[
ln

(
16R2

ar

)
− 2

]}
. (2)

According to Eq. (2), the sphere resistance is expected to
strongly depend on r, which is a priori not known. How-
ever, since the phonon mean free path of glass near room
temperature is less than 1 nm, we assume that the trans-
port of heat across the contact is purely diffusive [27]. In
this regime, the resistance is directly related to the con-
striction size: RK = 1/(2kr) [28]. The radius r can thus
be expressed in terms of RK in Eq. (2) and, using Eq. (1)
and Gtotal(d > O) = GC, it is possible to determine both
RK and RS from the measurement of the temperature jump
at contact δTtop = �Ttop(d > 0) − �Ttop(d ≤ 0).

The thermal resistance of the glass microsphere-plate
contact in vacuum is obtained to be RK = (1.4 ± 0.18) ×
107 K W−1, or equivalently GK = 72 nW K−1. This corre-
sponds to an effective contact radius r = 36 ± 4 nm. It fol-
lows that the sphere resistance is RS ∼ 4.6 × 106 K W−1.
With the values of the resistances found, we can thus
calculate that only 1.2% of the generated power flows
through the sphere and the contact, while the majority
of it flows through the cantilever. A series of measure-
ments are performed for several temperature differences
(�Ttop = 2, 12, 15 K) and at different locations of the glass
plate. We find the same value of RK ≈ 1.4 × 107 K W−1.
Note that a contact resistance of a few 107 K W−1 was also
measured between two crossing glass microfibers [29]. We
also note that the contribution of the glue between the
STM probe and the sphere is neglected in this analysis.
Its thickness is approximately 100 nm, which corresponds
to a resistance of about 105 K W−1 given the conductiv-
ity kG ≈ 0.3 W m−1 K−1 of the epoxy glue in use in the
experiment.

IV. HEAT TRANSPORT UNDER AMBIENT
CONDITIONS

Similar experiments with a STM probe from a dif-
ferent batch and a glass sphere with D = 20.7 ± 1 μm
glued on its tip are also carried out under ambient con-
ditions, i.e., in air under atmospheric pressure with a
relative humidity of (70 ± 10)%. These conditions are
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more complex to deal with since several heat loss chan-
nels coexist even when the sphere and the plate are out
of contact. With separations between the sphere and the
plate reaching up to hundreds of micrometers, heat can
still be transferred through air whose thermal conductiv-
ity ka = (26.6 ± 0.1) × 10−3 W m−1 K−1 is small but not
enough to be neglected. Other heat transfer channels may
also contribute as both the sphere and cantilever consti-
tute fins. While the thermal problem could probably be
treated exactly by solving the heat equation with appro-
priate boundary conditions, we adopt in what follows a
phenomenological model based on thermal resistance cir-
cuitry to describe the temperature variations recorded at

(a)

(b)

to
p

to
p

to
p

FIG. 3. (a) Experimental approach curve (blue circles) show-
ing the temperature of the palladium sensor glued on the north
pole of the sphere as a function of the distance d between the
south pole and the plate. Here d = 0 corresponds to the sphere-
plate contact. The red curve is the result of a fit based on the
conduction shape factor and the resistance circuit shown in the
inset. (b) Approach curve at short distance showing the jump in
temperature occurring at contact due to the opening of a new
conduction channel.

the top of the sphere when it approaches the plate from
hundreds of micrometers to contact. This procedure is
sufficient to obtain a good estimate of the thermal-contact
resistance between the sphere and the plate in air.

In Fig. 3(a) we show the variation of �Ttop as a func-
tion of the sphere-plate separation d recorded in air from
200 μm to contact with PJ = 68.4 μW. High accuracy
measurements of the temperature drop occurring at contact
are presented in Fig. 3(b). At large distances [Fig. 3(a)],
the curve first exhibits a slow decay as d is reduced, which
increases below 100 μm. As in vacuum, a jump in temper-
ature is observed at contact, but with a reduced amplitude
of 28 ± 3 mK.

The underlying idea of the model is to separate the
thermal resistance due to the sphere-plate coupling from
other heat-loss channels that do not depend on the dis-
tance d. When approaching the sphere to the plate in
air, the contact at d = 0 produces a small additional
contribution to the sphere-plate coupling by conduction
through air R∗

SP(d), whose thermal resistance R∗
K can

be evaluated by measuring the temperature jump. The
thermal resistance circuit on which the model relies is
sketched in the inset of Fig. 3(a). We approximate the
various heat-loss channels by a set of three thermal resis-
tances: a series resistance R∗

s and a parallel resistance
R∗

p , both representing the distance independent losses,
and a resistance R∗

SP||K(d) = R∗
SP(d)||R∗

K = [1/R∗
SP(d) +

1/R∗
K ]−1 that describes the loss channel between the sphere

and the plate. The latter includes two resistances placed
in parallel: R∗

SP(d) that depends on d and R∗
K the contact

resistance that takes a finite value only at contact (d ≤ 0).
Since R∗

K = ∞ out of contact, we have R∗
SP||K(d) = R∗

SP(d)

for d > 0.
In contrast with the vacuum case (Sec. III), a fitting

procedure is needed to find the values of R∗
s and R∗

p .
Regarding the sphere-plate coupling resistance out of con-
tact R∗

SP(d), we find that the conduction shape factor [30] of
an isothermal sphere placed close to a semi-infinite isother-
mal plane S(d) = (2πD)/[1 − D/4(d + D/2)] describes
the coupling very well. This suggests that a large portion of
the glass sphere is quasi-isothermal. We thus set R∗

SP(d) =
1/[S(d)ka] in the fit. In Fig. 3(a) we show the fit of the
approach curve obtained in this way, superimposed on the
experimental curve. The fit corresponds to R∗

s = (2.84 ±
0.13) × 105 K W−1 and R∗

p = (4.22 ± 0.08) × 105 K W−1.
Note that these resistances are the only fitting parameters
of the model. They mimic the losses through the solid
phases as well as through air, provided that these losses are
independent of the sphere-plate distance. Once the values
of R∗

s and R∗
p have been determined, we use the experi-

mental values of �Ttop measured at d = 5 nm and d = 0
(contact), i.e., on both sides of the jump in Fig. 3(b),
to calculate the corresponding values of R∗

SP||K(d). The
occurrence of the sphere-plate contact coincides with the
opening of a new conduction channel besides the coupling
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through air. We thus have 1/R∗
K = 1/R∗

SP||K(d = 0) −
1/R∗

SP||K(d = 5 nm), which yields the value of the con-
tact resistance in air R∗

K = (1.2 ± 0.46) × 107 K W−1. This
value is close to that found in vacuum, which suggests
that if a water meniscus is present within the contact area
between the sphere and the plate, it only has a minor influ-
ence on the value of the thermal contact resistance. This is
consistent with reported results obtained with STM probes
[10]. Finally, the resistance circuit shown in the inset of
Fig. 3(a) enables one to calculate the relation that links
R∗

K and �Trel = δTtop/�Ttop(d = 0), the temperature jump
occurring at contact measured at the top of the sphere rel-
ative to the temperature difference with respect to Troom.
As R∗

SP << R∗
K , we have R∗

K = (�T−1
rel )[(R

∗2
SPR∗

p)(R
∗
s +

R∗
SP)

−1(R∗
s + R∗

SP + R∗
p)

−1]. The minimum jump in tem-
perature that can be resolved by our STM setup in air is
approximately 5 mK around �Ttop = 14.5 K, i.e., �Trel =
3.4 × 10−4 K K−1. The highest value of R∗

K that could thus
be measured is approximately 6.8 × 107 K W−1 in air at
atmospheric pressure, while we estimate it to be approx-
imately 3.3 × 108 K W−1 in vacuum. An improvement
of the sensitivity by one order of magnitude should still
be possible by modifying the measurement electronics to
reduce the uncertainty on �Ttop below 1 mK.

V. CONCLUSION

A quantitative characterization method of the thermal
resistance between a glass microsphere and a glass plate
in vacuum or in air is demonstrated. Using a STM tip
glued on the sphere as both a heater and a temperature
sensor, it is possible to vary the sphere-plate separation
with nanometer precision from hundreds of micrometers
to contact. Both in vacuum and air, a jump in temperature
is observed at contact due to the opening of a new con-
duction channel. In spite of the low thermal conductivity
of glass and of the complex geometry of the experiment
(the contact is opposite to the temperature sensor on the
glass sphere), it is possible to disentangle the value of the
thermal contact resistance from the height of the jump. In
vacuum, we can measure the thermal resistance of the STM
cantilever in use. With an analytical expression of the ther-
mal resistance of a sphere with different contact radii at the
poles, and assuming diffusive heat transport, we are able
to determine the value of the sphere-plate thermal contact
resistance and the contact size, which we find to be of tens
of nanometers. In air, the measurements show that the dis-
tance dependence of the approach curve is governed by
conduction through the gas phase. Based on a phenomeno-
logical model involving the conduction shape factor and a
fitting procedure, it is then possible to estimate the sphere-
plate thermal contact resistance in air. We find a value close
to that measured in vacuum.

The proposed methods have the advantage of being
very generic and based on analytical modeling. With lit-
tle effort, they could be adapted to estimate the thermal
contact resistance between micrometer-sized objects made
of materials other than glass or with different shapes, or
to study the impact of the environment on the transport
of heat at small scales. This opens large perspectives for
future investigations of heat transfer processes at a micro-
scopic scale between the elements of complex insulation
materials used in the building sector. For instance, to deter-
mine the contact resistance between glass fibers crossing
with an arbitrary angle like in glass wool, it should be pos-
sible to numerically calculate only a few points of the curve
R∗

SP(d) in the simplified geometry of two crossing cylin-
ders without cantilever, and to determine R∗

s and R∗
p by a

fit of the experimental data, which would provide enough
parameters to calculate R∗

K .
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APPENDIX: THERMISTANCE MEASUREMENT
INSTRUMENT

The thermal sensor of the STM probe is based on a pal-
ladium resistive component with a nominal resistance of
about 320 � at room temperature and a typical temperature
dependence of 0.7 �/K. The measurement of the tempera-
ture therefore consists of measuring a resistance value that
varies as a function of the temperature with a law that can
be calibrated. Extracting quantitative information about the
thermal exchanges in the experiment requires knowledge
not only of the temperature but also of the joule power that
can be set by supplying the resistance sensor with a known
current. To achieve this double objective, the measurement
instrument, described in Fig. 4, is based on a Wheatstone
bridge allowing the combination of an ac (alternating cur-
rent) measurement of the temperature and of a dc (direct
current) heating of the sensor. The resistance value R
of the thermal sensor (thermistance) is obtained from the
three other reference resistors and the voltage unbalance
of the bridge according to the relationship

R ≈ 360(400 − 160α) − 377 600γ

360 + 800γ
(A1)
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FIG. 4. Schematic of the thermistance bridge.

where γ = VAB/Vac, VAB is the amplitude of the ac unbal-
ance voltage measured by the lock-in detector, Vac is
the ac applied voltage to the Wheatstone bridge, and
α ∈ [0, . . . , 1] is the potentiometer setting. The dc and ac
currents Idc and Iac that circulate through the thermal sensor
producing a current Ith = Idc + Iac, are given by

Idc,ac ≈ 720Vdc,ac

377 600 + 800R . (A2)

The setting α of the 20 k� potentiometer in parallel with
the 80 � resistor is used to balance the bridge (VAB ≈ 0) in
order to accommodate for sensor resistance values away
from 320 �. Detection of a low-voltage signal allows
choosing the highest sensitivity range of the lock-in detec-
tor. The Wheatstone bridge being equipped with a Wagner
arm with a midpoint at ground permits both VA and VB
detection voltages to be close to the ground potential. This
allows the absence of a common-mode voltage, which is
favorable for having better sensitivity and accuracy.

To obtain good reproducibility and stability of measure-
ments, several techniques are implemented [31–33]. First,
the bridge is made of S102CT Vishay resistors having a
relative drift below 10−5/year and a low-temperature coef-
ficient below 0.6 ppm/K. The electronic circuits delivering
the biasing ac and dc voltages are based on precision oper-
ational amplifiers supplied by stabilized voltage sources
powered by rechargeable batteries. They are strongly iso-
lated from the ground with polytetrafluoroethylene mate-
rial. Second, the thermal sensor is connected with four
wires in a way (a triangle of two 80 � resistors on one
side and one 80 � resistor and the potentiometer on the
other side) that makes the bridge balance more immune to
any change (for example, caused by temperature) of the
wire resistances. This implementation is nevertheless fully

effective for a thermal sensor resistance close to 320 �.
Finally, pairs of high and low potential wires are inde-
pendently twisted and placed in a shield at ground as the
case of the bridge instrument. Because of the midpoint at
ground of the Wagner arm, current leakages between wires
due to capacitance and insulating resistance are redirected
towards the ground without changing the balance of the
bridge. This avoids measurement errors, and circulation
of high-frequency electrical noise, and allows increasing
the measurement bandwidth. The efficiency of the electric
guarding system is also optimum for R ≈ 320 �.

Close to equilibrium, i.e., α is set so that γ ≈ 0, the
resistance sensitivity is given by

δR ≈ − (377 600/316 800)δVAB

Iac
≈ −1.2

δVAB

Iac
. (A3)

Considering a voltage detection sensitivity of 5 nV/Hz1/2

and an ac polarization current Iac of 20 μA, a resis-
tance sensitivity of 3 × 10−4 �/Hz1/2 can be achieved,
which corresponds to a temperature sensitivity of about
1 mK/Hz1/2 at best.

[1] J.-S. Kwon, C. H. Jang, H. Jung, and T.-H. Song, Effective
thermal conductivity of various filling materials for vac-
uum insulation panels, Int. J. Heat. Mass. Transf. 52, 5525
(2009).

[2] C. Langlais and S. Klarsfeld, Isolation thermique à
température ambiante. bases physiques, Techniques de
l’ingénieur Transfert, isolation et éanchéitéé des bâtiments
base documentaire : TIB227DUO. (2004).

[3] Y. De Wilde, F. Formanek, R. Carminati, B. Gralak, P.-A.
Lemoine, K. Joulain, J.-P. Mulet, Y. Chen, and J.-J. Greffet,
Thermal radiation scanning tunnelling microscopy, Nature
444, 740 (2006).

[4] A. Kittel, W. Müller-Hirsch, J. Parisi, S.-A. Biehs, D.
Reddig, and M. Holthaus, Near-Field Heat Transfer in a
Scanning Thermal Microscope, Phys. Rev. Lett. 95, 224301
(2005).

[5] U. F. Wischnath, J. Welker, M. Munzel, and A. Kittel, The
near-field scanning thermal microscope, Rev. Sci. Instrum.
79, 073708 (2008).

[6] E. Rousseau, A. Siria, G. Jourdan, S. Volz, F. Comin, J.
Chevrier, and J.-J. Greffet, Radiative heat transfer at the
nanoscale, Nat. Photonics 3, 514 (2009).

[7] S. Shen, A. Narayanaswamy, and G. Chen, Surface phonon
polaritons mediated energy transfer between nanoscale
gaps, Nano Lett. 9, 2909 (2009-08-12).

[8] M. Ghashami, H. Geng, T. Kim, N. Iacopino, S. K. Cho,
and K. Park, Precision Measurement of Phonon-Polaritonic
Near-Field Energy Transfer between Macroscale Planar
Structures under Large Thermal Gradients, Phys. Rev. Lett.
120, 175901 (2018).

[9] L. Cui, W. Jeong, V. Fernández-Hurtado, J. Feist, F.
J. García-Vidal, J. C. Cuevas, E. Meyhofer, and P.
Reddy, Study of radiative heat transfer in Ångström- and
nanometre-sized gaps, Nat. Commun. 8, 14479 (2017).

014063-7

https://doi.org/10.1016/j.ijheatmasstransfer.2009.06.029
https://doi.org/10.1038/nature05265
https://doi.org/10.1103/PhysRevLett.95.224301
https://doi.org/10.1063/1.2955764
https://doi.org/10.1038/nphoton.2009.144
https://doi.org/10.1021/nl901208v
https://doi.org/10.1103/PhysRevLett.120.175901
https://doi.org/10.1038/ncomms14479


JORIS DOUMOURO et al. PHYS. REV. APPLIED 15, 014063 (2021)

[10] A. Assy and S. Gomès, Temperature-dependent capillary
forces at nano-contacts for estimating the heat conduc-
tion through a water meniscus, Nanotechnology 26, 355401
(2015).

[11] G. K. Batchelor and R. W. O’Brien, Thermal or electri-
cal conduction through a granular material, Proc. Royal
Society A: Math. Phys. Eng. Sci. 355, 313 (1977).

[12] S. Gomès, A. Assy, and P.-O. Chapuis, Scanning thermal
microscopy: A review, Phys. Status Solidi (a) 212, 477
(2015).

[13] F. Menges, P. Mensch, H. Schmid, H. Riel, A. Stemmer, and
B. Gotsmann, Temperature mapping of operating nanoscale
devices by scanning probe thermometry, Nat. Commun. 7,
10874 (2016).

[14] A. Jarzembski, S. Hamian, J. Yun, J. Crossley, I.
Park, M. Francoeur, and K. Park, Feedback control
of local hotspot temperature using resistive on-substrate
nanoheater/thermometer, Rev. Sci. Instrum. 89, 064902
(2018).

[15] S. Lefèvre, S. Volz, and P.-O. Chapuis, Nanoscale heat
transfer at contact between a hot tip and a substrate, Int.
J. Heat Mass Transf. 49, 251 (2006).

[16] K. Park, G. L. W. Cross, Z. M. Zhang, and W. P. King,
Experimental investigation on the heat transfer between a
heated microcantilever and a substrate, J. Heat Transfer
130, 102401 (2008).

[17] L. Shi and A. Majumdar, Thermal transport mechanisms at
nanoscale point contacts, J. Heat Transfer 124, 329 (2002).

[18] Y. Zhang, E. E. Castillo, R. J. Mehta, G. Ramanath, and T.
Borca-Tasciuc, A noncontact thermal microprobe for local
thermal conductivity measurement, Rev. Sci. Instrum. 82,
024902 (2011).

[19] A. Assy and S. Gomès, Heat transfer at nanoscale con-
tacts investigated with scanning thermal microscopy, Appl.
Phys. Lett. 107, 043105 (2015).

[20] L. Ramiandrisoa, A. Allard, Y. Joumani, B. Hay, and S.
Gomés, A dark mode in scanning thermal microscopy, Rev.
Sci. Instrum. 88, 125115 (2017).

[21] F. Menges, M. Dittberner, L. Novotny, D. Passarello, S. S.
P. Parkin, M. Spieser, H. Riel, and B. Gotsmann, Thermal

radiative near field transport between vanadium dioxide and
silicon oxide across the metal insulator transition, Appl.
Phys. Lett. 108, 171904 (2016).

[22] C. Lucchesi, D. Cakiroglu, J. P. Perez, T. Taliercio, E.
Tournié, P. O. Chapuis, and R. Vaillon, Harnessing near-
field thermal photons with efficient photovoltaic conver-
sion, arXiv:1912.09394 [physics.app-ph] (2019).

[23] J. Spiece, C. Evangeli, K. Lulla, A. Robson, B. Robin-
son, and O. Kolosov, Improving accuracy of nanothermal
measurements via spatially distributed scanning thermal
microscope probes, J. Appl. Phys. 124, 015101 (2018).

[24] E. D. Palik, Handbook of Optical Constants of Solids
(Academic Press, Orlando, 1985), Vol. 1, p. 749.

[25] L. D. Landau and E. M. Lifshitz, Electrodynamics of
Continuous Media, Course of theoretical physics Vol. 8
(Pergamon Press, Oxford, 1963), p. 95.

[26] C. E. Solivérez, The notion of electrical resistance (2012),
https://www.researchgate.net/publication/234037526.

[27] C. Kittel, Interpretation of the thermal conductivity of
glasses, Phys. Rev. 75, 972 (1949).

[28] R. S. Prasher and P. E. Phelan, Microscopic and macro-
scopic thermal contact resistances of pressed mechanical
contacts, J. Appl. Phys. 100, 063538 (2006).

[29] T. Nguyen, J. Richard, J. Doumouro, Y. De Wilde, and O.
Bourgeois, Thermal exchange of glass micro-fibers mea-
sured by the 3ω technique, J. Heat Transfer 142, 101701
(2020).

[30] F. Kreith, R. M. Manglik, and M. S. Bohn, Principles of
Heat Transfer (Cengage Learning, Stamford, 2011), 7th
ed., p. 112.

[31] F. Schopfer and W. Poirier, Testing universality of the quan-
tum hall effect by means of the wheatstone bridge, J. Appl.
Phys. 102, 054903 (2007).

[32] F. Schopfer and W. Poirier, Quantum resistance standard
accuracy close to the zero-dissipation state, J. Appl. Phys.
114, 064508 (2013).

[33] W. Poirier, D. Leprat, and F. Schopfer, A resistance bridge
based on a cryogenic current comparator achieving sub-
10–9 measurement uncertainties, IEEE. Trans. Instrum.
Meas. 70, 1 (2021).

014063-8

https://doi.org/10.1088/0957-4484/26/35/355401
https://doi.org/10.1002/pssa.201400360
https://doi.org/10.1038/ncomms10874
https://doi.org/10.1063/1.5020884
https://doi.org/10.1016/j.ijheatmasstransfer.2005.07.010
https://doi.org/10.1115/1.2953238
https://doi.org/10.1115/1.1447939
https://doi.org/10.1063/1.3545823
https://doi.org/10.1063/1.4927653
https://doi.org/10.1063/1.5002096
https://doi.org/10.1063/1.4948364
https://doi.org/10.1063/1.5031085
https://www.researchgate.net/publication/234037526
https://doi.org/10.1103/PhysRev.75.972
https://doi.org/10.1063/1.2353704
https://doi.org/10.1063/1.2776371
https://doi.org/10.1063/1.4815871
https://doi.org/10.1109/TIM.2020.3010111

	I. INTRODUCTION
	II. EXPERIMENTAL SETUP
	III. HEAT TRANSPORT UNDER VACUUM CONDITIONS
	IV. HEAT TRANSPORT UNDER AMBIENT CONDITIONS
	V. CONCLUSION
	ACKNOWLEDGMENTS
	A. APPENDIX: THERMISTANCE MEASUREMENT INSTRUMENT
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


