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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 insulating materials drastically depends on their microstructure
[1,2]. In general, they are made of low thermal conductivity 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 transfer 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 analytical model would be versatile to estimate the heat ﬂux as
a function of the gap. Yet, there has been little eﬀort to analytically 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 investigations 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 translations. Such a sensor is generally employed for thermal
characterization with nanometer spatial resolution of nanomaterials, nanostructures, and nanoscale devices [12,13]. It
has also been used to investigate the thermal contact resistance between the probe tip and a planar substrate [14–18]
and to measure the thermal resistance due to a water meniscus 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 investigate 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 transfer 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 contact 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 resistance 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 truncated pyramidal tip of a STM probe fabricated by Kelvin
Nanotechnology (KNT), as shown in Fig. 1. The probe is
made of silicon nitride (Si3 N4 ) and carries a thermoresistive 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 isolated oven whose temperature can be accurately controlled
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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 temperature 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 perform the thermal measurements, we developed a setup
that can operate either under vacuum or ambient conditions. It combines a SmarAct linear piezoelectric stepper
motor and a Piezosystem Jena linear continuous piezoelectric positioner. This allows us to perform displacements
for measurements requiring a sphere-plate separation up to
several hundreds of micrometers, and ﬁne approach measurements when the sphere is close to contact with the
plate. The latter is a borosilicate glass microscope coverslip. 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 microsphere 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 thermoresistive 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) circulates through the palladium strip. The resistance R(T) is
obtained from the three other reference resistances constituting 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 relationship 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 superimposed 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 illumination, 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, conduction 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 temperature 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.
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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 sphereplate contact where a sudden temperature jump in amplitude
δTtop = 175 mK occurs. (b) Scheme showing the various resistances 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 diameter glass microsphere and a glass plate is only of a
few nW K−1 at maximum in the far ﬁeld: GFF (T) =
2π R2 4σ ε(Tsphere )T3 , with R the radius of the sphere, σ
the Stefan constant, and ε(Tsphere ) the emissivity of silicon 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 sensitivity 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 sensitivity 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 associated with the cantilever, RC , the sphere, RS , and the
sphere-plate contact, RK , and the corresponding conductances 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 deformation of the contact region. With the sphere in contact with
the plate held at Troom , heat can ﬂow from the heated palladium 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 conductance increases by an additional term (1/GS + 1/GK )−1
compared to its value GC before contact:
Gtotal (d = 0) =

PJ
1
+ GC .
=
Ttop (0)
RS + RK

(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 negligible radiative heat transfer. The problem of a conducting
sphere was addressed analytically by Landau and Lifshitz [25] and Solivérez [26]. The resistance of a sphere
of radius R and conductivity k whose poles are connected with equal-size contacts of radius r  R is RS (r) =

(1/π k){(1/r) + (1/2R)[ln(4R/r) − 1]} [26]. In our experiment, k = 1 ± 0.1 W m−1 K−1 is the conductivity of glass.
Heat is injected via the palladium strip that forms a contact 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) = 12 RS (a) + 12 RS (r), which yields the expression
for the resistance of a sphere of radius R and conductivity k with diﬀerent contact radii a, r at the north and south
poles, respectively:
1
RS (a, r) =
2π k



 


1 1
1
16R2
+ +
ln
− 2 . (2)
a
r
2R
ar

According to Eq. (2), the sphere resistance is expected to
strongly depend on r, which is a priori not known. However, since the phonon mean free path of glass near room
temperature is less than 1 nm, we assume that the transport of heat across the contact is purely diﬀusive [27]. In
this regime, the resistance is directly related to the constriction 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 corresponds to an eﬀective contact radius r = 36 ± 4 nm. It follows 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 measurements 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 conductivity 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 different batch and a glass sphere with D = 20.7 ± 1 μm
glued on its tip are also carried out under ambient conditions, 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 channels 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 conductivity 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 constitute ﬁns. While the thermal problem could probably be
treated exactly by solving the heat equation with appropriate boundary conditions, we adopt in what follows a
phenomenological model based on thermal resistance circuitry to describe the temperature variations recorded at

top

(a)

top

top

(b)

FIG. 3. (a) Experimental approach curve (blue circles) showing 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 sphereplate 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.
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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 function 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 temperature 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 distance 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 resistances: 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 contact R∗SP (d), we ﬁnd that the conduction shape factor [30] of
an isothermal sphere placed close to a semi-inﬁnite isothermal plane S(d) = (2π D)/[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 experimental 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 contact 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 inﬂuence 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 relative to the temperature diﬀerence with respect to Troom .
−1
∗
∗
As R∗SP << R∗K , we have R∗K = (Trel
)[(R∗2
SP Rp )(Rs +
R∗SP )−1 (R∗s + R∗SP + R∗p )−1 ]. The minimum jump in temperature 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 approximately 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 conduction 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 thermal 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 distance dependence of the approach curve is governed by
conduction through the gas phase. Based on a phenomenological model involving the conduction shape factor and a
ﬁtting procedure, it is then possible to estimate the sphereplate 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 little 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 microscopic scale between the elements of complex insulation
materials used in the building sector. For instance, to determine the contact resistance between glass ﬁbers crossing
with an arbitrary angle like in glass wool, it should be possible to numerically calculate only a few points of the curve
R∗SP (d) in the simpliﬁed geometry of two crossing cylinders 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 palladium 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 temperature 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 current) 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
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eﬀective for a thermal sensor resistance close to 320 .
Finally, pairs of high and low potential wires are independently 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 ≈ −

FIG. 4.

Schematic of the thermistance bridge.

where γ = VAB /Vac , VAB is the amplitude of the ac unbalance 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 detector. 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 measurements, 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 coefﬁcient below 0.6 ppm/K. The electronic circuits delivering
the biasing ac and dc voltages are based on precision operational ampliﬁers supplied by stabilized voltage sources
powered by rechargeable batteries. They are strongly isolated from the ground with polytetraﬂuoroethylene material. 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

(377 600/316 800)δVAB
δVAB
≈ −1.2
.
Iac
Iac

(A3)

Considering a voltage detection sensitivity of 5 nV/Hz1/2
and an ac polarization current Iac of 20 μA, a resistance sensitivity of 3 × 10−4 /Hz1/2 can be achieved,
which corresponds to a temperature sensitivity of about
1 mK/Hz1/2 at best.
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