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Abstract

We present a simple method for the characterization of the dynamical behavior of the SThM
Wollaston wire thermal resistive probe using Si/SiGe microcoolers. Measurements show a time
response of about 186s. This value confirms the value foundtime literature. Measurements also
allow us to determine the total thermal tip—sample contact resistﬁﬁQe
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Since its invention in 19941], the Scanning Thermal Microscope (SThM) based on a
resistive wire probe has been applied in the determination of local thermophysical prop-
erties. This determination provides improvements in the modeling of microsystems, for
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the detection of local heatingish as hot spots inside microelectronic and optoelectronic
components. In addition, thigchnique has had until now the best spatial resolution of
about 50 nm, which represents the diameter of the tip—sample thermal c@&BhcT his

technique is therefore a powerful tool in microthermal and nanothermal characterization.

In a previous work, Buzin et al4] have found the time response of the SThM Wollaston
wire thermal resistive probe in air to he = 200 us for heating, and> = 270us for
cooling. In this paper we present resultsasf experiment where Si/SiGe microcoolers
were used to characterize the time response of this SThM probe. Results also allow the
determination of the total thermal tip—sample contact resistaﬁ%@ which is a ley datum
in the SThM calibration§).

A Si/SiGe microcooler is a thermoelectric device, in which the main element is a
Si/SiGe superlattice6]. For an optimized geometry device size 6060 um?, this
microcooler has demonstrated a maximum cooling of abdaf@ at 600 mA, with a
cooling power density of about 600 M [7]. In addition, it presets the advantage that it
can be monolithically integrated with micrdeetronic and optoelctronic components].

Fig. 1(a) shows a Scanning Electron Microscopy (SEM) picture of different microcoolers
with different sizesFig. 1(b) shows a schematic diagram of this device.

2. Experiment and discussion

Fig. 2(a) shows a SEM picture of the SThM thermal resistive probe. It is made up of
a Wadlaston wire shaped as a tip. The uncovered platinum core is heating when a current
passes through it. The measurement of the tip resistance leads to either the tip temperature
or the heat flux dissipated by the probe.

Previous experimental study of Si/SiGe microcoolers has shown a time response smaller
than 30us [9]. We checked this value by exciting the coolers with an AC current at several
frequencies. A laser light is reflected( by the microdevice surface. Its normalized
amplitude is reported ifrig. 3as a function of the excitation frequency and for different
microcooler sizes11]. This result obtained by reflectometry confirms that the cut-off
frequency depends slightly on the device size and is about 24 kHz, which corresponds
to atime response of about|rs.

Now, we use an atagy with a tetinique for characterization of the cut-off frequency
of electronic devices. As a matter of factns-wave geerators are used in order to
characterize the frequency response of systems. They provide signals with constant
amplitude, and variable frequency. The device transfer function is then directly extracted
from the response to the well-known excitation signal coming from the generator. In our
case, the microcooler can be considered as aéeature sine-wave generator. It provides
a oonstant temperature variation in a high frequency range for characterizing the transfer
function of the SThM thermal resistive probe. The SThM is used in the temperature mode.
Its response to the microcooler excitation will only be the image of the SThM probe transfer
function for frequencies below 24 kHz. For more details on the operation of the SThM
technigue, readers are invited to see Refd.7].

The Si/SiGe microcooler is supplied by a sinusoidal current of the form=
lo cog2r ft); the thermal esistive probe is put on the top surface of the microcooler as
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Fig. 1. (a) Scanning Electron Micragigy (SEM) picture of the Si/SiGe nmigcooler, (b) Schematic diagram of
the Si/SiGe microcooler.

shown inFig. 2b). The thermal response is analyzed with respect to the frequeigcy
shows the variation of the normalized modulus of the probe voltage, for two microcooler
sizes (circles and stars). The dashed line itheoretical fit with a first order transfer
function:

Ho

. f
1+ SThM
Cut—off

H(f) = (1)

whereHop, f, and fCSJt'l"gﬁ are respectively the maximum gain, frequency of excitation,

and cut-off frequency of the SThM thermal probe. The best fit is found when the cut-off
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Fig. 2. (a) Scanning Electron Microggy (SEM) picture of the Scanning Thermal Microscope (SThM) thermal
probe, (b) experimental sep for the SThM technique.
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Fig. 3. Normalized refictivity change on the top surface of Si/SiGe microcoolers, for different sizes as a function
of the excitation frequency.

frequency isfglt'l"gﬁ =~ (857+20) Hz. If we change from the frequency to the time domain:

1
e 2
TS ®
we obtain the corresponding time constant- (186+ 4) us, which ©nfirms the value
found by Buzin et al.4]. We should note here that this value depends on the nature of the
probe and its geometry, since each one is made by hand.

T
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Fig. 4. Normalized variation of the modulus of the $Tkoltage on the top surface of the Si/SiGe microcooler
as a function of the excitation frequency for two different sizes<@D pm? (circles), and 70« 70 um? (stars).

The experimental results also allow us to identify the total thermal tip—sample contact
resstarce Z$,. This paameter includes all modes of heednsfer occurring between the
tip and the sample surface when they are in contact: (i) solid—solid conduction, which is
intrinsic each time two solids are in contadf) §olid—solid thermaconstriction which
only occurs when both sides of the solids in contact have different geometries; (iii) near-
field radiation; (iv) gas conduction (in our case the gas is air); and (v) the conduction via
the meniscus of the liquid which is formed between the tip and the sample swW2fate [
getZ$,, we have @vebped a theoretical model for heaatisfer inside the SThM thermal
probe. This model is based on the Thermal Quadrupoles Meftghd{ere we only present
the main formula of this model, which we have used to fit experimental results. More
details of the model can be found in the R@#][ This formula is given as follows:

ch(qL) — 1

qu[Sh(qL)+27tr2/3pqz19hch(q|_)] s (Db (3)

Vih=E

whereq = ‘/2’;:;“’ + ﬁz—phr andE = % is a function whichdepends on the

electronic components used in the amplification chain stegeandds are, respectively,

the measurement system put voltage and the top sample surface temperaturer,

Bp, Z?h, r, L, h, andjw are respectively the temperagiooefficent of the electrical SThM
probe resistance, the thermal diffusivity and the thermal conductivity of the platinum probe
tip, the total thermal tip—sapfe contact resistance, the radius of the probe section, the
half-length of the platinum wire, the platinumire convection—radiation coefficient, and
the Fourier variable. Iifable 1are listed all SThM thermal resistive probe propertis} [

and acquisition circuit characteristics.
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Table 1

SThM thermal resistive probe propertig$i] and acquisition circuit characteristics
Property Value
Platinum thermal conductivitgp (W/m K) 38
Platinumthermal diffusivityap (m?/s) 1.27 x 107°
Wire conwection—radiation coefficierit (W/m2 K) 1000
Non-cladded wire half-length (m) 100x 106
Platinum wire radius (m) 25x 1076
Wire cross-sectiorp(m?) = 7r? 1.96 x 10711
Wire still resistanceRg (£2) 2.1
Wire tempeature coefficieny (K1 1.66 x 103
Total thermalip—sample contact resistanﬁ':s’?h (K/W)2 6.3 x 104
Isolaing amplifier gainkK 5 2500
Bridge resistanceR; (£2) 250
Bridge feeding voltag&/cc (V) 25

2 Adjustalle parameter.

Fitting Vrn with this formula makes it pssible to &tract the value otZ%h for the two
Si/SiGe microcooler device sizes. We found for both si@ = (6.3+0.8) x 10* K/W.
This value is in a good agreemenitinthose found in the literatur@]. Fig. 4also includes
the best theoretical fit (solid line) corresponding to our quadrupoles model.

3. Conclusion

We haveused the frequency behavior of thin filBi/SiGe microcoolers to estimate
the SThM thermal resistive probe transfer function. The values found for both the cut-
off frequency and the total thermal tip—sample contact resistﬂ%e,are in very good
agreement with the values in the literature. Consequently, microcoolers appear to be useful
and simple tools for use in the full characterization of the SThM thermal resistive probe.
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