Quantitative thermal microscopy using thermoelectric probe in passive mode
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A scanning thermal microscope working in passivedenousing a micronic

thermocouple probe is presented as a quantitatiebntque. We show that actual
surface temperature distributions of microsysteresnaeasurable under conditions for
which most of usual techniques cannot operate. quantitative aspect relies on the
necessity of an appropriate calibration procedurelvtakes into account of the probe-
to-sample thermal interaction prior to any mease@mrirBesides this consideration that
should be treated for any thermal contact probiggesn, the main advantages of our
thermal microscope deal with the temperature ablgilaange, the insensitivity to the
surface optical parameters, the possibility to imaDC and AC temperature

components up to 1 kHz typically and a resolutimitlrelated to near-field behavior.

I. INTRODUCTION

Surface temperature measurement with high spagdlution remains a major issue since
none of the current techniques are mature enougprduide quantitative results. They can be
classified in two groups: conventional and nealdfiénh any case, two uncertainties origin can be
pointed out: the first is related to the physidagple of the technique and the second stems frem
physics of heat transfer that relate the samplledadhermal detector.
Non-contact techniques are typical conventionalhnegues which are not subjected to the
aforementioned uncertainties but are limited im&eof spatial resolution, temperature range and the
dependence on the surface optical nature. Thesemgass optical techniques such as infrared or
near-infrared thermography, thermoreflectancg?® photoluminescenéeor Raman spectroscopy.
Contact techniques overcome part of these drawhaakthermal diffusion between the sample and
the sensor becomes the main error source that rieebls carefully addressed. Among available
techniques, liquid crystal thermography, fluorescence thermograpfiy’ or near-field optical
thermography (NFOT§**are also based on an optical measurement. Howeeeuse of a probe tip
ensures to increase the spatial resolution as $t deamonstrated for all the near-field techniques.
Thermal near-field microscopes are generally caednning Thermal Microscopes following the
original idea of Wiliams and Wickramasindfen 1986 that derived the use of a Scanning
Tunnelling Microscope (STM) to operate on non-castihg samples. Progress in manufacturing

thermal probes at the very tip of tapered materase led to a family of near-field thermal



techniques very closed to Atomic Force Microscop&M) for which a thermal sensitive area
provides an additional information related to hgahsfer between this area and the sample. The
sensitive part can be quasi-punctual or distribufdtermocouple or thermodiode allow a quasi-
punctual measurement while thermoresistive elenmmatgde an integrated temperature value. These
sensors are used to measure temperature distribatiohot samples (passive mode) or sample
thermal properties when an additional heat souateses a heat transfer between the probe and the
sample. The probe can be self-heated, typicallyJdnyle effect (active mode) or an external heat
source such as laser illuminatibnin any case, quantitative measurements remain toactrive.
Moreover, spatial resolution in thermal imagingi#l an open issue since diffusion thermal process
is depending on the probe dimension, but also dhgke nature and the heated volume including the
external condition (medium or vacuum) and the dyinarof the phenomenon (DC, AC or pulsed).
Besides, temperature range of operation is fixedhigyprobe itself. Thermoresistive wire element
such as Wollaston 5 micrometers in diameter platinoodium wire probe is probably the most
robust:’ Otherwise, thin-film microfabricated probes canmoeed a hundred degrees typically
except micro-pipette thermocouple for which theperature limit is about 500°€:°

For years, many attempts to develop micrometrie siermocouple or thermodiode sensors have
been proposed by authors from the welding of K tyres?® S types™-? thin-film deposition on a
micropipetté® to an AFM*%or cantilever structuréti”® or optical fiber tip’” However, most of these
developments remain inaccurate for quantitativesmesaments in ambient environment due to major
contribution of probe-to-sample disturbing heabsfars. In this article, we focus on the passiveleno
of operation using a thermocouple probe which Bitated with Wollaston wires of platinum and
platinum-rhodium of 1.3 micron diameter welded tbge by means of a sparking technigti@he
chosen diameter represents a compromise betweexinom robustness and the minimum invasive
effect of its contact. After a brief recall of tlpeobe characteristics and the problematic of i&s us
through the analysis of the thermal interactiorhveitsample, results of temperature scans on a-micro

hotplate are presented as an actual alternatizeaitable high resolution thermography.

II. THERMOCOUPLE PROBE

Accurate measurement in a large temperature raggygres the use of standard bulk wires.
However, available diameters are rather largecallyi above 12 micrometers. The thinnest K type
thermocouple wires are 7.6 pm (3%1iich). Wollaston wires remain the thinnest stadd@rtype
commercially available, whose fabrication processuees to reduce a platinum or a 10% rhodium-
platinum core down to 0.5 pm (2x1@nch) inside a silver cladding. Among the differewvailable
diameters, 1.27 um (5x®dnch) represents the best compromise betweenasidgobustness. The
silver cladding is removed by a chemical or electiemical etching process so that a thermocouple
junction can be obtained by welding platinum wittodium-platinum wire$® Sparking technique

from a capacitor discharge is used. The next fighews results of junction depending on the
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provided energy. Figure 1a shows the complete theonple for which the removed cladding length
is about one hundred of micrometers. In figure Wses temperature have reached their melting
points due to an amount of energy of about 10 gallihg to large balls on both wire extremities

whereas in figure 1b, this phenomenon has beemleddiy reducing the spark energy to about 4 pJ.

FIG. 1. Scanning electron micrograph of the themmope junction. General aspect (a), high energy

sparking (b) and lower energy sparking (c).

Wollaston wires are commonly used as thermal @sidor hot-wire anemometry and commercial
scanning thermal microscope (SThM®Topometrix), teghes for which the relation between the
measured signal and the surface or contact temyeras hard to derive. Conversely, such a
thermoelectric micro-junction provides punctual pemature signal that results from S type
conversion law. Seebeck coefficient is known asrgtion of temperature, whose value is 5.88 iV K
1at 20°C, 9.13 pV K at 300°C or 10.87 pV Kat 800°C as shown in figure 2.
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FIG. 2. S type thermocouple Seebeck voltage (dalsmedwhen reference temperature (cold

junction) is 0°C and sensitivity as a function @fperature.



The main reason that such probes are not widelg usdaboratories is due to the difficulty to
fabricate them reproducibly. However, by contrglithe spark energy, the junction area remains
close to the aspect of figure 1c. In addition, edsdrmocouple is tested according to a contact
procedure previously describ&dConsequently, this probe remains a reliable tooltémperature
mapping of microsystems especially for temperatargging from ambient to 800°C typically and

conditions for which optical techniques are notetle.

[ll. TIP TO SAMPLE THERMAL CONTACT

The advantage of a microthermocouple regardingrtbegsistive elements is the presence of
a junction from which a Seebeck voltage reliestdademperature. Such a local temperature however
never represents a true surface temperature ginesuits from a new thermal equilibrium. The main
difference between contact and non-contact (optieahniques results from the surface temperature
disturbance. A suitable parameter to quantify tifferénce between actual and measured temperature
is the probe thermal responselt results from the expression of the thermal gothat dissipates
between sample surface and medium through the pFatpere 3 depicts the thermal effect of such a

heat dissipation Q.
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FIG. 3. Principle of thermal interaction betweeprabe tip and a hot surface.

Following figure 3 description, thermal power dission is expressed as:
—_ Ts _Tu —_ TP _TG
R,*+R.*R, R

(1)

e
T is deduced from the ratio between the probe teatper and the actual surface temperature
relatively to ambient. Assuming constant valueshefmal resistances in a large temperature range

can be written as:

T -T, R dT,
Z-: 14 - e - 14 <1 (2)
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Such a definition takes into account the probedifage thermal interaction as described in figure 3
in which the coupled effects of thermal transfeam de simply depicted as a series of thermal
resistances. This suggests that depending on thplsanature and the ambient medium, one single
probe thermal response may significantly vAr}. Different authors have used a more restrictive
definition of a probe response assuming that thdification of internal thermal equilibrium of the
sample could be negligibfé This is realistic only when the sample is massiveugh. In such a case,

Rm - 0and T, —» Tsso that the mentioned parameter capes reduced to:

R, _T,-T, _dT,
R +R, T —-T dT_

e

<1 3)

It could be considered as an intrinsic characterst the thermal probe whose ideal value would
reach 1 in case of a perfect contact (R 0). More generally, if R>> R, any probe could be
considered as efficient. We have measured thesangters in a previous paper for this temperature
probe between ambient temperature up to 600°Cirigad a mean valug = 0.934%° In the same
paper, it has been shown that thermal contact onsimples such as micro-hotplate membranes
could lead to noticeable effects of cooling dowe pwoint contact and changing slightly the thermal
balance of the device. By measuring both the cgadliown and the power of heat dissipated by the
probe, the micro-hotplate thermal resistangeh@s been estimated to 2.45%1Q W™. Then, the
global thermal response of the probe was calculaged = 0.925. Such estimation is absolutely
necessary for quantifying temperature measuremeliotsever, another sample would imply another
value oft so that the following results have been obtainéth & strictly identical sample device
structure (see section 4). Among publications eelato the mentioned contact techniques of
temperature measurements, a very few have investighis aspect of measurement quantification. In
the very few data, one can mention Shi and Majunigidications about their well-known batch-
fabricated thermocouple profeA supposed asymptotic valug= 0.64 has been obtained when
measuring temperature on a 5.8 um width alumindm fReducing the film width demonstrated a
decrease of this value down to 0.05 on a 0.35 pdthwiThis clearly indicates an effect of cooling
down due to the existence of non-negligible thermeistance R of the sample and that the
mentioned value corresponds to the definitiom.dfhis demonstrates that the usepaétio should be
restricted to massive samples in order to compidiereht probes. Thermal responseakes account

of the sample nature and should be used to jugtintitative measurements. Furthermore, this also
affects the lateral resolutiolx as proposed by the same authors. According to dedénition, and

our thermal responsg a corrected expression should give:

AT AT
Ax = o= (4)
dr, jdx . dTy
dx



where AT, is the noise of the measurement chain angldaTis the measured lateral temperature
gradient. According to this definition, lateral odgion is inversely proportional to the thermal
response of the probe. As a result, only a pedeate t — 1) may exhibit the best lateral resolution.
This also indicates that thermal lateral resolutioes not depend on the probe only but also on the

sample nature.

IV. EXPERIMENTAL SETUP

A scanning thermal microscope is similar to nealdfimaging system since the probe is a
local tip that needs to be scanned over a sampeekier, the contact is necessary to ensure an
efficient thermal transfer between the surface thiedtip. The contact force value depends on the tip
geometry and its ability to support it without dayjeaThin-wire thermocouples are flexible enough to
undergo several tens of nano-Newton. Figure 4 tepiadistribution of measured DC temperature
above the membrane center when approaching thes grom 1.8 mm to contact while the micro-
hotplate is supplied with 13 mW DC power. DC thecaple voltage is converted according to the
Seebeck response of the S type standard law, tedréom ambient temperature (cold junction) and
taking into account the effect of the probe thermeaponse given by expression (2) and quantified in

reference 29, such:

T =t 4T, ©)

The secondary graph of figure 4 represents thellshicrometers and the effect of the contact force
increase between the thermocouple probe and thelsasurface. Series of experiments are
superimposed on this graph. Contact occurs at Ois#asand contact force increases for negative
positions. Observed elastic deformation of the prbhs allowed us to estimate that the maximum
contact is in the range 50 to 100 nN. In this ratige measured temperature is stabilized showialg th
the surface to junction heat transfer is saturateda consequence, a precise control of the contact
force is not necessary for this passive measuremede. This is not the case in active mode of
operatior?’ It follows that our set-up remains quite simplehwiit any contact control loop that

would slow down the acquisition time.



=

100 ’i

i
i
i
'
;<:| contact
1

20 §
0 500 1000 1500
Distance to surface (um)

/

E T, Silver Ambient T,
| : 2 o

FIG. 4. Temperature gradient above the center pditite micro-hotplate up to 1.8 mm and
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schematic view of the probe at this scale. Infleeoicthe contact force on the DC measured

temperature value.

Measurements uncertainties are indicated on thensgecy graph of figure 4. This represents the sum
of usual S type thermocouple uncertainty (1°C) andestimated standard deviation obtained after
1000 successive approaches to contacts perform#teiname condition of figure 4, giving 0.3°C.
Besides, extracting absolute temperature of theribelectric junction requires knowing the reference
temperature which corresponds to the separatirgglaveen the silver cladding and the platinum or
platinum-rhodium wire$® A large diameter silver wire acts as a perfect fs#ak connected to
ambient medium. This particular point is also degcin the figure 4 with the geometry of the
thermocouple probe in front of the sample surfaoe the temperature gradient. The length of the
thermocouple wires is typically between 250 and 300 and the silver cladding is 75 um of
diameter. It has been verified that thermal conduoctin silver is sufficient for ensuring a
homogeneous ambient temperature. This value isurethdy means of a thin-film platinum resistor
(Pt1000) which is fixed in the vicinity of the silwwires.

Figure 5 presents a general view of the setup. €lpiezo-actuators axis are used for the sample
displacement whereas a long-range vertical axiséx to rough approach of the probe near sample
surface. Since the contact force is not a contigilerameter and as long as surface sample isaflat,
reference plan is acquired by contacting a fewresiee points before starting a complete automated
scan. The thermocouple voltage is connected toveplss filtering voltmeter and a lock-in amplifier
for simultaneous DC and AC measurements. AC cuisentce is used to supply the tested sample
and a computer both records the data while poupisiat displacement is managed. Measurements

can be made in static or harmonic mode since thiemidd bandwidth of the probe is larger than the



micro-hotplate one (see Fig. 7). However, the ndiiference between thermal and other near-field
microscope such as STM or AFM systems is related larger time constant that require point by
point measurements during which a tip-sample theeapailibrium is necessary. This time is typically
on the order of one second even if the time cohsththe probe itself is much lower. This is mainly

depending on the sample and the overall conditidheat dissipations.
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FIG. 5. Experimental set-up.

To demonstrate the performance of our system, mmaohined silicon micro-hotplates represent
pertinent electro-thermal devices to be studiedestheir active part is thermally insulated and lban
heated up efficiently by Joule effect. The DC and{& current supplied to the metallic conductor
generate DC and/or AC heating in the central adiea. As shown in figure 6, the chosen device is
similar to those which were described in previoapgrs and with which our probe has been
calibrated®. A 200 nm-thick platinum film is embedded in a LV silicon nitride suspended
membrane whose thickness is 1 pm. The design gbl#ignum heater and the membrane thickness
and nature are optimized to insure a homogeneaupet@ture distribution and the lowest power
consumption. As shown in the results section, 20 mWnough to reach 250°C typically near the

central part of the membrane.
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FIG. 6. Top view image and schematic of the cressign of the micro hotplate.
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V. RESULTS
Depending on the excitation mode of the active $empeveral thermal signals can be

extracted from the thermoelectric probe voltagestatic current generates a DC heating and AC
current at a frequency f generates both a DC athabialed frequency 2f heating of the heater due to
Joule effect. A comparison between the thermal gms®d of the sensor and micro-hotplate is
however required before any measurement. Figureeepts the normalized magnitude of both the
probe and the tested device while subjected to Aent at frequency f. Joule effect generates a
double frequency 2f temperature elevation and aesylent resistance variation that can be detected
at the triple frequency 3f by means of a lock-imdded, the measured voltage represents the product
between the electrical resistance which variesfaan? the supplied current at f frequency. This
reveals thermal cut-off frequencies near 20 Hztfar micro-hotplate and 300 Hz concerning the

thermocouple probe wires.
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FIG. 7. Thermal pass band comparison between the thermteptobe and the micro-hotplate.

Series of measurements have been performed wipfgysng an alternative current at a frequency f.
As a result, three thermal signals are providetheythermocouple using a DC voltmeter and a lock-
in (magnitude and phase) at the double frequencyt# thermocouple probe has been scanned over
the micro-hotplate and each measurement point éas $tored after one second of contact. AC RMS
voltage is converted in AC RMS temperature accgrdothe sensitivity (derivative) of the S type
thermocouple shown in figure 2 which is taken faclepoint at the probe DC temperature valyg. (T
The whole membrane is 1 mm square. Figure 8 presergsult of a complete scan while the heater is
supplied with an AC RMS current of 10 mA. DC tengiare component points out the thermal
homogeneity of the central area whereas AC 2f caorepts reveal interesting thermal contrasts both
in magnitude and phase. Despite the frequency ravitieh exceeds the probe and the sample
bandwidths, signal to noise ratio remain sufficitat extracting the following images. However, if

DC images are quantitative, AC contrast providdg qualitative data.
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FIG. 8. Complete membrane scan (106 x 106 poihtsiftf) at a supply current frequency of 270 Hz.

Let us recall that the platinum heater is onlyhlision the optical view due to the transparencthef
silicon nitride membrane in which it is embeddedheTphase signal clearly reveals its presence
whereas magnitude points out the heat source ityeiitie center of the coil being less resistame, t
magnitude is consequently lower than for the pelemarea. The influence of the current frequency
helps to reveal these details as presented inefigwhere scans have been reduced to the cergeal ar
(560 um square). AC RMS supplied current is 12 mé frequency varies between 10 and 850 Hz.
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FIG. 9. Active part scan (141 x 141 points / 56860 um) at different supply current frequencies.

Result on DC temperature distribution remains igahtat any frequency. Besides, only the central
part of the coil is slightly visible and comparalte10 Hz frequency magnitude image. The heater
geometry appears in both magnitude and phase invelgers increasing frequency. However, due to
both micro-hotplate and the thermocouple pass baragjnitude decreases whereas phase contrast
increases. Magnitude strongly depends on the ditesigpower but phase only depends on the physics
of heat transfers. Indeed, phase results from gpetition between Joule heat source areas which
exhibit phase values close to heat source anddiffasion into materials. This is why the complete
metallic coil is clearly visible at higher frequées regarding to magnitude images. Conversely the
silicon nitride membrane acts as a passive matehialh undergoes strong temperature gradients and
strong phase variations. Thermal imaging remaingngty different to other near-field imaging

system in the fact that the measured surface irdexives from a volumetric contribution of heat
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diffusion’s law. As a result, thermal contrast tiese images is often considered as subsurface

contrast.

VI. CONCLUSION

We have shown that a standard micro-thermocoupidbeaused as a local temperature probe
in a scanning quantitative thermal imager. In spit@& scanning operation that requires one second
typically per acquisition point, this representseal alternative to conventional techniques whigh a
unable to operate from ambient to 800°C while rewingi insensitive to surface optical nature.
Besides, the quantitative aspect of these contaesurement represent a major point which has not
been correctly addressed by authors yet whereapriégsents the main limiting factor of local therma
probing. In spite of recent attempts to correct #féect of a probe contaéf® quantitative
measurements still remain generally inaccurate tduthe dependence on the sample nature itself
which is rarely considered. This is mainly duette tonfusion between the actual surface temperature
underneath the tip in contact and the actual teatpex far beyond contact. The latter is the only
relevant value whereas most of techniques do nattiore any difference since the sample nature
introduced with R, thermal resistance (see Fig.3) is neglected. Aliegrto our analysis and without
taking account of artifacts due to topography, terafure quantification at micro and nano-scales is
only possible if:
- The sample is already thermally characterizechsag in the present paperJRleading to a
correction of temperature measurements ugfiig
- A relevant method for correcting the effect ohtaxt by canceling the heat flux is applied (null
point method)"
In such a case however, operating under vacuunelguh because attempts to reduce only heat
transfer at contact jump as proposed by Chlingy not be sufficient to take account of the heat
which is transferred during far approach of thebprdndeed, as shown in figure 4, DC heat diffusion
through air by means of conduction and convectitectes measurements in a millimeter range from
the sample surface. Moreover, this also affectgehelution limit which is not studied in this pape
This will be the subject of further articles as he&d the extension of the present system to active
mode of operatiof®

To date, the very few tested nano-thermocoupléshaliere fabricated on a silicon nitride tip
similarly to AFM cantilevers and probably most @fsistive thermal nano-probes are supposed to
exhibit a response on the order of 0.05 when scanning nanostructneaded elemenf§.Improving
thermal characteristics of these probes would lietzeboth resolution and a better evaluation @ th
guantification errors in surface temperature messent. A common approach in scanning thermal
microscopy would help to define measurable therquantities, including a standard definition of

lateral resolution. Otherwise, no progress in tfrmeasurements at micro and nano-scales may be
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expected as long as micro-thermal probes will reotdsted and compared in standard benchmark

conditions.
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