High resolution surface contact temperature measurements by means of micro-thermocouples

in vacuum conditions
L. Thiery*, J.Y. Rauchand Y. Lei.
Université de Franche-Comté, CNRS, institut FEMTO-ST, F-25000 Besancon, France

Abstract: we report on the possibility to measure the temperature of micro-devices in vacuum conditions by means of
micro-thermocouples. The principle is similar to point contact probing in Scanning Thermal Microscopy (SThM) and
requires a rigorous calibration procedure to eliminate measurement errors due to surface-to-sensor heat transfer. A thin
platinum wire is used as a hot wire calibration specimen and two micro-thermocouples are tested. An example of
measurement is shown on a metallized fibre tip used as an optically driven thermal actuator.
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1. Introduction

Surface temperature measurement with high spatial resolution remains a major issue since none of the current
techniques are mature enough to provide reliable measurements. Available techniques can be classified in two groups:
conventional (far-field or non-contact) and local (near-field or contact). However, for both groups, major uncertainties
and drawbacks rely on the physics principle of the technique but also on the heat transfer that relate the sample to the
thermal detector. Non-contact techniques are typical conventional techniques which are not subjected to the
aforementioned uncertainties but are limited in terms of spatial resolution, temperature range and their dependence on
the surface optical nature. These encompass optical techniques such as infrared or near-infrared thermography [1,2],
thermoreflectance [3,4,5], photoluminescence [6] or Raman spectroscopy [7,8]. Luminescent thermometry can however
reached the nanometer resolution when using nanoparticles as distributed tracers on a surface but the technique remains
complicated to implement [9]. These nanoparticles can be used individually as a single tracer on a tip to perform a local
probe for contact techniques. As any local probe principle, part of these drawbacks is solved but heat transfer between
the sample and the sensor becomes the main error source that needs to be carefully addressed. Among available
techniques, liquid crystal thermography [10], fluorescence thermography [11] or near-field optical thermography
(NFOT) [12] are also based on an optical measurement. Thermal local probing techniques are generally called Scanning
Thermal Microscopes (SThM). Progress in manufacturing thermal probes at the very tip of tapered materials have led to
a family very closed to Atomic Force Microscope (AFM) for which a thermal sensitive area provides an additional
information related to heat transfer between this area and the sample. Thermocouple, thermodiode and more recently
SQUID sensors [13] allow a quasi-punctual measurement while thermoresistive elements provide an integrated
temperature value. These sensors are used to measure temperature distribution on hot samples (passive mode) or sample
thermal properties when an additional heat source causes a heat transfer between the probe and the sample. In any case,
quantitative measurements remain hard to derive and represent a challenge [14-16]. The last point to clarify is the
available temperature range of the probe. Thermoresistive wire element such as Wollaston 5 micrometers in diameter
platinum-rhodium wire probe is probably the most robust [17]. Otherwise, thin-film microfabricated probes cannot
exceed a hundred degrees typically except micro-pipette thermocouple for which the temperature limit is about 500°C
[18]. For years, many attempts to develop micrometric size thermocouple or thermodiode sensors have been proposed
by authors from the welding of K type wires [19], S types [20,21], thin-film deposition on a micropipette [18], to an
AFM [22,23] or cantilever structured [24,25] or optical fiber tip [26]. In this article, we present the use of wire
thermocouple probes to measure contact temperature at micron-scale in a vacuum chamber of a Scanning Electron
Microscope (SEM) coupled to a Focused ion Beam (FIB). Micron-size wire thermocouple represents a interesting
compromise between their facility to implement, their robustness and their temperature range. A specific calibration
procedure is described for vacuum measurement and an example of temperature measurements on a tapered metallized
optical fibre is presented.

2. Micro-thermocouple probes

Thin wire thermocouples, so-called microthermocouples, are made with wires whose diameters are typically below 50
um. They are used in a very few laboratories since it remains a challenge to produce them. Indeed, the thinnest can be
obtained by welding two S-type Wollaston wires (Pt and Pt-10%Rh) of various diameters. Among available diameters,
the most attractive are 5 pm and 1.3 pum since they represent the best compromise between size and robustness. The
silver cladding around Pt or Pt-Rh core (diameter about 75 pum) is removed by chemical (nitric acid) or electro-chemical
etching process [27]. We have extensively used such micrometric thermocouples in different applications [28] and in
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spite of their fragility they remain an ideal means for temperature measurement on microsystems in a large temperature
range. More recently, they have been integrated on a quartz tuning fork to control the force when a contact between the
tip and a sample occurs [29]. As a result, they are also used as Scanning Thermal Microscope (SThM) probes for both
passive and active local sensors [30,31]. For that purpose, the thermocouple junctions are systematically reshaped by
means of a focused ion beam (FIB) in order to refine the tip apex and optimize the probe spatial resolution. An example
of junction reshaping result is presented in Fig. 1.
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Fig. 1. Thermocouple junction obtained with 1.3 um wire diameters after reshaping by FIB.

3. Thermal contact of a temperature probe problem

Measuring a temperature by means of a contact probe is a hard task when the probe size is not negligible regarding the
tested device itself. Discrepancies are not only derived from the probe accuracy itself, but from disturbances involved in
the probe to device heat balance. This problem has been addressed a long time ago for macroscopic measurements
[32,33]. It is also critical in Scanning Thermal Microscopy (SThM) and requires continuous efforts to solve it. The
direct approach consists in a passive measurement called “temperature contrast mode” (TCM). This is the simplest way
but needs to perform a thorough calibration procedure as presented in this article. The other way consists in active
measurements by heating the probe in order to cancel the dissipative heat between the sample and the probe. Such an
active mode, also called “conductivity contrast mode” (CCM), has been proposed in the null-point and the double-scan
techniques [34,35] for temperature measurements. These techniques are very similar, nevertheless, even if recent
improvements led to reduce their complexity, they remain very difficult to implement and suffer from limitations
[36,37]. The most critical one relies on the conception of commercially available probes which are very compact, very
fragile and cannot be moved in any direction of space. Furthermore, only flat samples can be tested so that there is no
possibility for these probes to be used in the present situation of 3D micrometre to millimetre size devices. As a result,
more classical thermal probes are the best alternative especially if the tested device is a complex structure. A
compromise between the flexibility of use and a lower resolution leads to the use of micron-size thermocouple for
micron-scale thermometry in passive mode as a relevant mean. About vacuum temperature measurements, they are
more difficult than in ambient conditions due to the suppression of the convection heat transfer, reducing the diffusion
of heat between the surface and the probe, as well as the difficulty of accessing the vacuum chamber. As far as we know
and except the specific case of SThM, most of vacuum temperature measurements rely on space environment
applications for which thermocouples and fibre sensors (Raman scattering or Bragg grating) are generally used. In these
cases, the sensitive part of the sensors is firmly attached on the surface so that the measured temperature is assumed to
be the actual surface temperature [38]. In the present work, the use of a micro-thermocouple similar to SThM probes for
point to point operating mode remains the only means to preserve the spatial resolution that could not be reached with
infrared method for instance and allowing to be moved in all directions in a vacuum chamber. However, since a passive
method has been chosen, a thorough calibration protocol is necessary prior to any measurement in order to quantify the
errors that stem from such a contact measurement. Indeed, when the thermocouple junction is put in contact with a hot
device, some thermal effects occur. To address the problem, the general thermal scheme consists in a quite simple
approach of thermal resistances identification: R, R, et Ry,,, for contact, external and macro-constriction — or spreading
— respectively [30]. The configuration and thermal effects involved in the tip-to-sample contact is depicted in Fig. 2.
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Fig. 2. Thermal phenomena involved in a thermocouple tip-to-sample contact.

The thermocouple acts as a heat sink, whose power Q is dissipated from the contact area to the probe leads through the
thermocouple wires. This heat is extracted from the hot device at the contact point through the different resistances from

the initial surface temperature T, (before contact) to the cold reference one T, following:
Q= R Tj}_sz-R - TmR_Tp - TpR_T0 - TSR_Tm (1)
m c e c e m

Here, Ty, is the point contact temperature underneath the probe (modified temperature) and T, is the value given by the
probe. The final goal is to deduce T, before contact from the measured value T, during contact. The correction to apply
is called “thermal response” of the probe t given by the ratio:
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For a perfect probe, T, equals T, and the thermal response equals 1.
This never happens and depending on the device on which the thermocouple has to be put, different phenomena may
occur. Indeed, realistic cases of contacting a probe onto a sample take place between two limits:
- An ideal situation for which R, tends to infinity or Q is negligible. This also corresponds to a negligible
macroconstriction resistance R, when the sample cannot be perturbed; either this sample is massive in size or a
large amount of heat compensates the dissipation heat Q. As a result, the surface temperature before contact T,
remains unchanged and T, equals Ts.
- Huge disturbance of the probe during contact when R, is low. This also corresponds to an important
macroconstriction resistance R, of a very tiny sample and/or a very low available heat power regarding the
dissipated heat Q. As a result, T, is very different from T. This will be the practical case of the present work.

In the following, we use a thin platinum wire (diameter 5 um) that possibly represents some micro-device to be tested in
the SEM chamber. Furthermore, it is very simple to adjust the input power and measure its own temperature before and
during contact as it will be shown in the theoretical model. Indeed, it is heated by Joule effect, and as a hot wire sensor,
its temperature is deduced from its electrical resistance. A calibration protocol has been designed for extracting the
different thermal resistances and the thermal response to be applied under vacuum.

4. Vacuum wire model

Nomenclature : wire parameters

d: diameter (m)

L: half-length (m)

s: cross section (m?)

x: longitudinal coordinate along the wire (m)
i: current (A)

per: electrical resistivity (€.m)

o temperature coefficient of resistance (K™)
k: thermal conductivity (W.m™*.K™?)



Let us consider a cylindrical wire of L half-length and d diameter. The axis origin (x=0) is the centre location so that the
total length is 2xL. Due to a very low diameter (5 um), a section is thermally homogeneous so that the temperature
distribution only depends on the longitudinal direction x. Each wire extremity (x = + L) is welded to a large copper lead
which maintains the local temperature as a constant initial value, T,.

The used micro-thermocouple is put in contact with the wire at the origin x = 0, central location where the wire
temperature is maximum. When the contact occurs, a heat sink is generated through a thermal conductance “g” to a cold
source at the same temperature T, which is the thermocouple cold junction reference.

In the following, only the temperature difference 6 will be considered regarding the reference value T,, generally
identical to ambient so that: 6 = T — Tj,.

This value is measured by means of a Pt100 sensor located on the copper lead. The temperature distribution along the
wire is governed by the solution of the fin differential equation obtained from the thermal balance of an elementary slice
of dx width in steady-state, except that under vacuum conditions, no convection occurs. In the following expressions, it
is assumed that the thermal conductivity k is a constant. Indeed, platinum thermal conductivity is near 71.7 Wm™K1 at
273 K and 73.2 WmK™ at 600 K, with a minimum value of 71.6 near 300 K [39]. Besides, electrical resistivity pe
appears to be a constant but it is not. In the setup depicted in the next section, the input current and wire voltage are
precisely measured so that the actual input power and wire resistance are known, providing the actual mean resistivity
value. In our model, we then assume that the electrical resistivity pe is an average value of the wire over its entire
length, but that it depends on temperature, and which will be known as an input experimental value. The validity of this
assumption is discussed in a further section. This is a key point because the simplicity of the model is required to allow
the determination of the thermal contact parameters. Furthermore, it is assumed that radiation remains negligible due to
low level of temperature, typically below 250°C, so that the longitudinal temperature distribution is governed by the
differential equation:
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whose general solution is: 6 = —%xz +Ax +B
At the extremity of the wire, the condition gives for x = L:
P2
6=0 = 0:—%L2+AL+B (4)
At the origin x = 0, the thermocouple tip contact occurs: 2ks% o g6(0) (5)
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Finally: g =L (L e —x ) (6)

For convenience, it is useful to simplify by introducing two terms:
P = ”‘;—’L i?: the Joule effect internal source power (W) along the half-length L, in which the temperature dependence of
resistivity pg is taken into account since this power is an input experimental data.

G = % : the internal wire thermal conductance (W.K™).
L 2426 2
Then the solution is reduced to: 6=2= (g A (f) > (7
2G \ g+2G L

The central temperature where the thermocouple junction is put in contact gives:
6(0) = —— = 62

g+26 €

@)
Without contact, it simplifies with g = 0: 6(0) = 2% =6 (9)
Suffix « ¢ » means “contact” and « nc » means “no contact”, and exponent “0” for the location x.
Wire electrical resistivity depends on the temperature through its temperature coefficient of resistance (TCR) o, whose
value has been calibrated in oven, confirming the platinum value of 0.003858 K.
As a result, measuring the supplied voltage and current directly provides the input power P and the wire electrical
resistance Ry, which relies on the mean wire temperature 8 using the classical relation:
R, = Ry(1 + af) (10)
The mean wire temperature is obtained by integrating the temperature distribution:
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Without contact (g=0), this simplifies to: 6, = % (12)
This value gives direct access to the central temperature of expression (9) with:
6 = Onc (13)

In addition, the contact to non-contact mean temperature ratio provides a simple relation between internal and external
conductance, G and g respectively as:

Jeolo_p (14)

Bne 4 g+2G
According to this simple model, all these terms are linear functions of the Joule power P that depends on two
parameters: G and g. G depends on the wire nature and geometry and g is the thermal conductance due to the
thermocouple contact on the wire.

5. Experimental setup

The ability to work and manipulate micro-devices under vacuum has been achieved by the adaptation of a Scanning
Electron Microscope (SEM) and Focused lon Beam (FIB) station. The so-called “pRobotex” station is based on an
Auriga 60 microscope produced by Zeiss. The Auriga 60 has a 60x60x60 cm® vacuum chamber, on the top of which a
SEM FEG column is installed. The FIB column is provided by Orsay-Physics, which is positioned at an angle of 54°
from the z-axis of the SEM column, as depicted in Fig. 3.
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Fig. 3. Zeiss Auriga 60 SEM column system with Orsay-Physics FIB column and its HMI environment.

Furthermore, a set of six individual actuators from SmarAct has been installed in the vacuum chamber to operate as a
robotic system allowing to manipulate micro-devices on all directions of space. The robotic structure is home assembled
and all the robotic arms are controlled with a very high accuracy on the object location by a real time link between the
control system of the SEM and the control system of the robot. The moving steps are controlled with a Human /
Machine / Interface (HMI) and the softwares are home made in order to combine high accuracy of positioning and
synchronization of all axes in the assembly processes. Fig. 4 depicts the internal setup of the vacuum chamber in which
the 6-axis actuators system has been installed.
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Fig. 4. HMI view of the microrobotic system and 6-axis actuators for micro-manipulation.

Different realizations have been described in previous article, using the ability of FIB to etch, weld, bend (origami
technique), and the micro-robot to manipulate elements [40]. Complex structure can be obtained such as a
“microhouse” [41], or integrated actuators thermally activated on optical fiber [42], or electrically heated by Joule effect
[43]. In this article, the microrobot is used to manipulate the thermocouple probes in order to contact the hot wire. The
experimental setup is depicted in Fig. 5 in which the used thermocouples are shown. The thermocouples cold junction
reference is provided by a Pt100 sensor located on the thermocouple support.
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Fig. 5. a) Set-up principle; b) 5 um thermocouple (TC5) in contact with the 5 um platinum wire; ¢) 1.3 um
thermocouple (TC1) approaching.

A voltage generator supplies a current (i) into the tested wire in series with a resistor (R). Two precision voltmeters
(Keithley 2000) are used to measure precisely both the current value from Vi and the wire voltage V,,. The wire
Vi

resistance (R,,) and the supplied power (P) are also deduced since: R, = - = Z—W R and 2P=V,i= %WVR in
R

which, accordingly to the model, P represents the half dissipated power.

The wire is welded on massive copper leads on which a Pt100 sensor is embedded in order to measure the reference
temperature To. The microthermocouple is driven using the robot described above and depicted in Fig. 4. The contact
control is made possible due to the SEM or FIB image in the vacuum chamber in order to insure the precise contact
location between the thermocouple tip and the hot wire.

6. Methodology
As a first step, an oven was used to calibrate the wire by measuring precisely its electrical resistance (R,y) versus
temperature. It follows that a relation is made between wire resistance and its mean temperature that correspond to the



terms: 6, and 8, and its ratio B which depends on g and G only. As shown in Fig. 6, the obtained linear relationship is
used to provide the mean wire temperature from its resistance. The reference value R, at °C is 32.502*%% ) and the

TCR measured value is o = 3.858°%210° K.
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Fig. 6. Oven calibration of the 5um diameter platinum wire: R,, versus temperature.

Then, measurements have been made in vacuum conditions of the SEM chamber without any thermocouple contact, at
different input current at absolute pressure in the range 2 to 5.10™ Pa. Wire resistance R,, versus the Joule power P is
plotted in Fig. 7, confirming the model linearity up to a resistance value of 55 Q typically which corresponds to 200°C

approximately according to Fig. 6.
70

65

60

55 1= ¥
50 /
45 /

40 |

Rw (Q)

35 5

30

0 50 100 150 200 250 300 350 400 450
P (uW)

Fig. 7. Platinum wire resistance versus Joule power in vacuum showing that the linear model remains valid up to 55Q
approximately.

The deviation from linearity is mainly due to the limits of our assumptions. Firstly, the increasing difference between
the assumed average electrical resistivity and its actual distribution along the wire. Secondly, the increase in radiative
heat dissipation, classically proportional to T*, and thirdly, to a lesser extent, the temperature dependence of the wire's
thermal conductivity. In the following procedure, only slopes extracted from the linear domain are taken into account.

The extracted wire resistance R,, provides its mean temperature from expression (10), called 8,,. without contact, which

is also a linear function of Joule power P so that expression (12) gives:

—_— P
0,.=—=aP
nc 3G

The extracted slope “a” leads to extract G value such: G=-=>L

3a

It follows that, according to expression (13), the central temperature 82, can be calculated.
The mean temperature during contact is deduced from the measured resistance, also a linear function of the power P:
6. = bP
As a result, the ratio between mean temperatures is a ratio between two linear function of the power P so that expression
(14) gives:
_1g+8G _ bP _
4 g+2G aP

o=8

6.
Onc



This provides the value of the contact conductance: g = 8G 415__’3 T

The thermal contact described in Fig. 2 shows that the heat power Q that flows through the thermocouple in contact
with the hot wire can be calculated using the contact condition of expression (5):

Q=9Tn—-T) =986

. . g
And expression (8) so that: Q= Jiz6 P
This heat flow is related to different thermal resistance given in expression (1) so that:
0= Onc  _ 02-6p _ Op _ 6362
Rm+Rc+Re R¢ Re Rm

6, is given by the thermocouple probe, then:
R, = bp _ (g+26)6p . R, = 02-6p _ P-(g+26)6p and R, = Onc=02 _ 1 (15)
Q gp Q gpP Q 2G
Both numerator and denominator are linear function of P, the ratio between each slope allows to extract each thermal
resistances.

7. Results and discussion

7.1 Model validity and uncertainties

The extraction of experimental quantities remains possible as long as the model that describes the wire behaviour is
simple enough but valid as well. As shown in Fig. 7, the linearity has been observed up to input power of about 200 pW
where the wire reaches 55 Q approximately. However, if platinum thermal conductivity has no significant effect,
electrical resistivity is strongly dependent on temperature and may disturb the temperature distribution along the wire
that is considered as a parabola [44]. In the following, expression (6) has been compared to a numerical resolution
performed by finite difference method, in which temperature dependence of both thermal conductivity and electrical
resistivity has been taken into account. In addition, radiative heat transfer has been considered, assuming a mean
platinum emissivity of 0.12. A wire of 3.1 mm half-length L discretized in 175 slices was considered. In expression (6),
platinum thermal conductivity was taken as 73 Wm™K™, and the electrical resistivity as a mean value for the wire but
temperature corrected. Data on platinum thermal conductivity and electrical resistivity are from reference 39 and 44
respectively. The wire temperature distribution is shown in Fig. 8 for a power input of 200 pW.
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Fig. 8. Temperature distribution along the wire at a power P of 200 pW. Comparison between present model and

numerical simulation. Deviation from parabolic shape calculated on the 3/2 ratio between maximum and mean
temperatures in %.

One can notice that even if the shape of the numerical model is no longer parabolic, the deviation is nevertheless small
enough for the 3/2 ratio between the temperature at the centre and the mean value to be less than 2% when the power is
under 200 uW. From these two models, the electrical resistance of the wire can also be calculated. The result is depicted

in Fig.9 in which measurement points of Fig. 7 are also plotted. The slopes are slightly different and measurements
points are well fitted by both models up to 200 pW.
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As a consequence, we consider that the deviation between our simple model and numerical one remains in the range of
measurement uncertainties as long the studied domain stays below 200 uW. Experimental data calculations described in
the “methodology” section rely on extracted slopes that fit measurement points in this low power range for which
linearity is such that R-squared coefficients are higher than 0.999 and P-values equal to zero. From these slopes,
uncertainties that affect calculated values can be estimated. For this, we have considered that the relative uncertainty of
high precision multimeters that provides voltage and resistance values, is taken as 10 Furthermore, absolute
uncertainty of a S type thermocouple equals 0.5 degree. Standard polynomial conversion rule is used to convert Seebeck
voltage to temperature elevation. The temperature resolution corresponds to the multimeter accuracy for which the
minimum temperature change is 0.2-0.3 degree. Table 1 presents a summary of the obtained relative uncertainties.

Tablel: calculated propagated relative uncertainties on the different extracted terms.

Values 5P SR, 50 5G 5B 59 5Q SR, SR, SR, 5T
in % P R, i G B g Q R R, R,

TC5 0.22 0.17 0.6 0.64 0.85 14.6 3.9 0.64 3.9 24.3 6.3

TC1 0.22 0.17 0.6 0.64 0.85 5.1 2.7 0.64 2.7 31 4.3

7.2 Results

All the measurements points are voltages V,, and Vy obtained at different values of the supplied Joule power P, without
contact and during contact of the two thermocouples. For each point, resistances are calculated and the mean
temperature elevation is deduced. These temperatures are plotted in Fig. 10 for which linear fits have been extracted.
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Fig. 10. Mean wire temperature before contact (red), during contact with 1.3 um thermocouple (TC1) and 5 um
thermocouple (TC5).




The slopes of these fits provide G,  and g values for both thermocouples. As shown in Fig. 11, it follows that the
central point (x=0) temperature is deduced from non-contact mean temperature using expression (13): 8%, =T, — T,
The thermocouples provide their own values after converting Seebeck voltage, giving: 8, =T, — T,
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Fig. 11. Temperature elevation at point contact (x=0) before contact and thermocouple probe measurements 6, with 1.3
pm thermocouple (TC1) and 5 um thermocouple (TC5).

The main results are given in Table 2, from which some remarks can be made.

Table 2. Measurement results.

G (UW.K™ B g(W.KY | Ry (KW R. (KW R. (KW™) T
TC5 | 0.4512%09% | 052290004 | 1 57802 | 1108 060*7% | 3827850 | 251*110* | 0.1441*%
TC1 | 0.4512%%% | 0.8199*%%7 | 0.286°%% | 1108 060*"® | 626 109°°4% | 286.9" 10* | 0.6237*%

First, G value can be estimated since the total length can be deduced from the wire resistance R,,, the diameter and
electrical resistivity of platinum, so that the half-length L equals theoretically 3.25 mm. Knowing the thermal
conductivity of platinum, value of G gives 0.432 pW.K™, which confirms the experimental value.

Contact conductance g are in the usual order of magnitude of a microwatt per degree except that, without the help of
convection and water meniscus around the point contact, vacuum values are inevitably lower than in ambient air
conditions. This is also the case for contact resistance R that exhibits lower values although they highly depend on the
contact strength.

External thermal resistance that characterizes the thermocouple probe R, can be easily estimated since a wire usually
acting as a fin becomes a simple wall when convection becomes negligible.

As a result, the classical expression of thermal resistance is: R, = Pl which I is the wire length, S its cross section

and k its thermal conductivity. The factor 2 comes from the fact that the thermocouple is made of two wires.
Considering a mean thermal conductivity between platinum and platinum — 10% rhodium of 60 W.m™.K™, it follows
that with length of around 600 um and 400 um for 5 um and 1.3 um thermocouples respectively, one obtain values R,
of 0.254 10° and 2.5 10° K.W™, indeed very close to present measured values.

The important question remains about what would happen when the calibrated thermocouples are used to measure
contact temperature on other kinds of micro-devices. Is correction factor = still valid?

The answer is no because any other object is characterized by its own resistance value R, and the condition of contact
may also be different.

R, value was described by authors both in macroscopic dimension and more recently at microscale. It was obtained by
solving heat transfer equation in a simple contact of a flat cylinder of radius y on a homogeneous material of thermal
conductivity k,. Whatever the cylinder-to-surface contact condition, the expression of R, is always inversely

proportional to the product of the radius to the thermal conductivity, such: R,,, = )% , A being a constant depending on
S

the contact condition. This expression remains valid for large homogeneous object of semi-infinite depth. This is not the
case in the present situation as it is confirmed by obtained expression (15) that corresponds to the wire thermal
resistance under vacuum, strictly identical to the thermocouple wires R, given above:

1 L
R, =

26 2ks



This result is quite logical, thus it is possible to estimate the rate of change of Ry, if the geometry of the tested device is
simple enough.

Finally, the contact thermal resistance R. can be considered as unchanged if the contact strength is not different. Likely,
if one modifies the contact strength or the geometry of the contact, this could also affect R, value as shown below.

As an example, the 5 um thermocouple presented in Fig. 5b (TC5) has been used to measure the temperature elevation
of a polyarticulated robotic gripper. It was fabricated on a tapered and metallized optical fibre tip in order to be
thermally activated by the injected laser light absorption [33].

As depicted in Fig. 12, only a part of the gripper remains on the fibre tip which was damaged during testing operations.
Temperature measurements were attempted in order to estimate the actual level of temperature reached at the plate
location. Indeed, this question is of the most importance when designing such thermal actuator. Due to its geometry, the
5 pm diameter thermocouple exhibits two contact points with both the plate and the fibre core. As a consequence, we
suppose that the contact thermal resistance R. is decreased by a factor of two.
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Fig. 12. TC5 thermocouple in contact with a tapered metallized optical fibre used for robotic micro-gripper.

The longitudinal thermal resistance of this fibre tip R, can be calculated knowing its geometry and the materials. An
optical fibre is quite simple in terms of geometry but the shape is not cylindrical or even simply conical and the metal
deposition must be taken into account. As described in previous articles, the shape of the tapered fibre can be extracted
from a binocular optical and SEM images to provide series of polynomial expressions [45,46]. The result is depicted in
Fig. 13 in which a cylindrical plate has been added at a distance of 20 um from the apex in order to represent the plate.
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Fig. 13. Extracted fibre tip profile and discretization for the calculation of its conductive thermal resistance.

As shown in Fig. 12, the apex was cut using FIB etching so that it forms a flat extremity of 4.8 um diameter. The
metallic thin-film is a chromium layer of 50 nm thick approximately, which is enough to concentrate the light inside the



taper and evacuate the electrical charges during SEM and FIB scans. Then, the all tip is discretized into slices of
sufficiently fine width for each of them to be considered as homogeneous in temperature. Next, the thermal conductivity
of each element can be calculated from chromium and silica values and their proportions, and then the resulting thermal
resistance over the entire length of the fibre from the point of contact to the support located 4 mm from the tip, by

. . . A
summing each slice thermal resistance, such: Rp =Y, (ﬁ)
SiOSiTRCroCr

For each element n of thickness Ax, silica and chromium cross sections are calculated, Sg and S, of thermal
conductivities ks; and ke, respectively. This simple method provides an estimation of the actual thermal resistance of the
tested tip R, Table 2 presents the result of the different thermal resistance, compared with the previous ones of Table 1.
In these results, we considered a chromium film of 50 nm thick with a thermal conductivity of 47 Wm™K™ (half of bulk
chromium) on a silica fibre whose thermal conductivity was taken at high temperature (2 Wm™K™). The total fibre
length is 40 mm.

Table 2. Thermal resistances and response of fibre tip compared to calibration.

TC5 measurements R (KW™) R. (KW™) Re (K.WH) T
5 um platinum calibration 1108 060 382 785 251 038 0.1441
Fibre tip calculations 3514 890 191 393 251 038 0.0634

This gives a value of R, resistance more than three times higher than the calibration platinum wire, mainly due to the
low silica thermal conductivity. Due to the double contact of the thermocouple on both the fibre and the plate, the initial
contact resistance R has been divided by two. The external resistance R, remains unchanged since it characterizes the
thermocouple itself.

Series of temperature measurements have been performed for different laser power injected into the fibre from which
modified and surface temperature values were deduced. Results are depicted in Fig. 14 in which the laser power only
represents the indication values of the power supply but not the actual power that reach the fibre tip. This could explain
the non-linear dependence of the temperatures versus power. Measurements have been repeated several times, and blue
dots represents mean values of the TC5 thermocouple values (T,), reaching 108°C of temperature increase at the highest
point. During this contact, the green dots exhibit local fibre values underneath the contact area, then reaching a
temperature increase of 194°C (T,,). According to the thermal response t of 0.0634, the actual temperature at this point
without the thermocouple is 1706°C (Ts). This seems excessive, however at this power level, when the thermocouple
has been pulled of the fibre, the latter fused after some seconds. The result is shown in the top picture of Fig. 14. This
confirms our estimation since fusion temperature of silica is in the range 1600-1700°C even under vacuum.
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Fig. 14. Measured and deduced temperature elevation of the fibre versus laser power.

Furthermore, it is possible to confirm this result with an estimation of the thermal balance of the tip area in both cases of
contact and no contact. We observed that the fused area was the extremity where the maximum light intensity is
supposed to be concentrated. This part of tip fibre can be supposed at homogeneous temperature so that a thermal
balance can be applied on. Let us consider this hot area as a cylinder of 10 um length and a mean diameter of 10 um.
This part is metallized so that the emissivity remains low, typically 0.1. Without contact, the temperature of this area is
1979 K (1706°C) so that according to Stefan-Boltzmann law, the calculated net radiative power loss is 27 pW. At the
same time, the conductive heat dissipated along the fibre through the estimated value of Ry, gives 479 uW. The total



heat loss is then 506 pW. During contact, according to our estimation, fibre temperature is reduced to 194°C. The
radiation loss is then negligible, only two conduction losses occur: in the wire thermocouple through R, resistance at the
temperature of 108°C and along the fibre core through R, resistance. This gives 430 uW and 55 uW respectively, then
a total heat loss of 485 uW, which is coherent with the losses of 506 uW without contact.

8. Conclusion

We have shown that micro-thermocouples can be used as a versatile mean for vacuum temperature measurement by
contact on micro-devices especially for complex shape objects. They represent an effective mean of passive
measurement but require a thorough analysis of the actual thermal conditions that fix the different values of thermal
resistances that are involved in the measurements. The spatial resolution of such a technique relies on the contact area
between the thermocouple tip and the surface which is on the order of 100 nm under vacuum. This is much lower than
any optical technique. After having presented a calibration procedure to extract the characteristics that govern the
probes behaviours, we show that it is possible, but quite difficult, to extrapolate corrections to apply on other objects.
Further measurements have to be performed, notably using the smallest 1.3 pum thermocouple on different hot micro-
devices, the example of metallized optical fibre tips are particularly relevant for that purpose. This will be the subject of
a next article. Furthermore, the possibility to operate in active mode (CCM) using null-point method will also be
explored.
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