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Abstract
We report on the temperature mapping around a resistively heated gold microwire. The temper-
ature is determined by measuring the thermal-induced distortion of an incident optical wavefront
crossing the system. The optical technique we introduce herein allows, in addition to 3-dimensional
temperature measurements, a retrieval of the heat source density at optical resolution. Experimen-
tal results are supported by finite element simulations and electric measurements. Applications

are envisioned in microelectronics, microfluidics or nanochemistry.
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The study of resistively heated nano- and micro-systems, such as metal microwires and
carbon nanotubes, has received much interest during these last few years. This area of re-
search benefited from recent developments of new fabrication processes in nanotechnologies
and is motivated by applications in microelectronics and chemical/gas sensing. In microelec-
tronics, what currently limits the downscaling is heat dissipation, which has to remain below
100 W /cm? in silicon chips and this limit was reached in 2003.! Hence, the development of
lower consumption technologies becomes now vital in order to achieve higher transistor den-
sity on chip. The other motivation concerns the development of nanoscale chemical sensors
based on one-dimensional nanostructures (nanotubes, microwires, nanofibers, etc).>* The
presence of gas or chemicals around the nano-object changes its electrical resistance by
adsorption, with the magnitude of change directly related to the gas concentration. This
effect usually operates at high temperature. A proper choice of heater voltage is critical in
determining the response characteristics of the sensor.

However, these areas of research suffer from the lack of efficient thermal microscopy
techniques. The actual temperature of the system is usually not determined accurately,
which is yet a crucial parameter. Some microscopy techniques have been developed recently
but they are usually slow, invasive or suffer from a low spatial resolution.’ !

We have recently developed a temperature microscopy technique, named TIQSI (for Tem-
perature imaging using quadriwave lateral shearing interferometry), based on far-field optical
measurements.'? This technique is based on measurements of thermal-induced variation of
the surroundings refractive index using a wavefront sensor. In a previous work, we illus-
trated the capabilities of the TIQSI technique for applications in nanoplasmonics by measur-
ing the temperature and the absorption cross section of gold nanoparticles heated by light
absorption.!?

In this article, we show how the TIQSI technique can be used as well to investigate re-
sistively heated systems. Experimental measurements were conducted on a gold microwire
lying on a silicon substrate. We explain how both the temperature, the heat power density
along the microwire and the total delivered power can be retrieved quantitatively. Fur-
thermore, we explain how the TIQSI technique can be upgraded to map the temperature
distribution in three dimensions using a semi-empirical procedure. Finally, we explain how

the TIQSI retrieval algorithm has to be updated when the source of heat is embedded in

a multilayer system featuring various thermal conductivities. Experimental data are sup-



ported by finite-element numerical simulations.

We chose to conduct all the experiments on a gold microwire, 40 nm thick, 1 pm large and
80 pm long (Fig.1). The extremities of the wire were connected to two gold electrodes and
the circuit was electrically isolated from the underlying silicon substrate by a 210 nm thick
Si0,, layer, and passivated by a 100 nm thick SiO, layer deposited on top. The fabrication
process is described in supplementary notes.'* Finally, a water drop was deposited on top
of the sample just before the measurements. To perform the temperature measurement,
the sample was mounted on a reflection optical microscope (as silicon is not transparent)
equipped with a water-dipping objective (Nikon x60, NA = 1.0) immersed in the water

drop. A Kohler configuration was used to illuminate the sample with a collimated beam.
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FIG. 1. a) Schematic of the electric circuit. A gold microwire connected to two gold electrodes
is embedded within a SiO, layer. b) Side view of the microwire and the three-layer environment.
The microwire is 80 pm long et 1 pm large. d; = 100 nm, dy = 210 nm, h = d; + d3. ¢) Schematic
of the optical setup. A wavefront analyzer, consisting of a modified Hartmann Grating (MHG) in
front of a CCD sensor, is used to map the thermal induced distortion of the Kohler illumination

wavelront.

When a bias is applied to the microwire, heat is generated due to Joule effect, creating
a temperature gradient around the microwire and, in particular, in the water layer. The
thermal-induced variation of the refractive index of the water layer generates a distortion of

this incident wavefront, just like an optical lens or a mirage effect. This distortion is imaged



using a commercial quadriwave lateral shearing interferometer'® used as a wavefront sensor
(SID4-HR, Phasics, Palaiseau, France). In practice, two wavefront images are acquired and
subtracted: one image while heating and one image without heating. This way, we obtain the
optical path difference (OPD) distribution that is specifically due to temperature increase.
The spectrum of the illumination was reduced to 450420 nm in order to have approximately
the same reflectivity for both gold and silicon (= 40%) and also a good lateral resolution
of 450 nm (Abbe criterion with spatially coherent illumination). All the experiments were
conducted at a controlled ambient temperature of 23°C.

Once the OPD is measured, one can retrieve the heat source density (HSD in W/m?)
and the temperature distributions using a numerical algorithm based on the use of two
Green’s functions: the thermal Green’s function Gr(r) (i.e. the temperature distribution
generated by a point-like source of heat), and the OPD Green’s function Gy(r) (i.e. the OPD
distribution generated by a point-like source of heat). In a previous work, this numerical
procedure is explained!? in the case of Green’s functions associated to a uniform and isotropic

medium:

Gr(r)=1/r (1)
Gy(r) = —In(r) + const. (2)

where 7 = |r| is the radial coordinate. In the present work, these expressions are no longer
valid since the surrounding medium is no longer uniform and composed of three different
media (Si, SiO, and water). Hence, one has to use Green’s functions related to a 3-layer
environment with flat interfaces. This is our approach in this article, and we provide in
supplementary notes'* all the Green’s functions in the cases of one, two and three media
separated by flat interfaces.

The overall procedure to retrieve the HSD and the three-dimensional (3D) temperature
distributions is the following (see Fig.2): We first de-convolute the measured OPD 4§/ by the
OPD Green’s function in order to retrieve the HSD. Then, we convolute this HSD image with
the 3D temperature Green’s function in order to retrieve the 3D temperature distribution.
Such an approach is consistent since a measured OPD image bijectively corresponds to a
unique 3D temperature variation field AT, as far as the heat source distribution is 2D. The

following equation summarizes the numerical procedure:
AT = Gr ® [G' © o] (3)
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FIG. 2. Schematic of the numerical procedure used to retrieve the heat source density and the 3D
temperature distributions from the measured optical path difference. Fourier transforms are used

in order to turn convolutions by Green’s functions into simple multiplications.

The measurements presented in Fig.3 were performed on the gold microwire heated with
a current of 25 mA. The measured OPD distribution is presented in Fig.3(a) and the HSD in
Fig.3(b). As expected, the shape of the HSD matches to the microwire morphology. Then,
temperature distributions at various heights have been retrieved using the above-mentioned
procedure as shown in Fig.3(c). At the microwire level (z = 0), the temperature distribution
is fairly confined at the vicinity of the wire.® This is due to the high conductivity of the
underlying silicon substrate. However, when looking further above the wire, the temperature
distribution is naturally broader and weaker.

Our optical approach makes it possible to retrieve the total dissipated heat power P,y by
integrating the HSD distribution. In the experiment reported in Fig.3, we found P, = 55
mW. This value matches well the electric power Pye. = (U — RI)I = 56.4 mW injected
in the system. Such comparisons have been performed for various currents I and they all
gave a good agreement between the estimated total dissipated powers, as represented by the

linear behavior in Fig.4(a).
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FIG. 3. a) Optical path difference (OPD) measured with the wavefront analyzer due to thermal-
induced variation of the surroundings refractive index. b) Heat source density (HSD) retrieved
from the OPD. ¢) Temperature retrieved from the HSD at various heights above the microwire

located at z = 0..

In order to further support the measurements, we also carried out finite-element numeri-
cal simulations of the temperature using COMSOL Multiphysics. Details on the simulation
parameters are given in supplementary notes.!* In Fig.4(f), a simulated temperature profile
in the zz plane, crossing the middle of the wire, is compared to the one from the experi-
mental measurements using the algorithm depicted in Fig.2. On the experimental image,
we observe a broader and weaker temperature distribution. This observation illustrates
the limitation of our optical approach: it is not possible to go below the diffraction limit.
However, even if the temperature profile is smoothed due to a limited spatial resolution,
let us note that the estimated heat power can still be properly estimated, as observed in
Fig.4(a). For more complex systems where the heat power cannot be electrically measured
and where the geometry cannot be easily modeled suing COMSOL, our approach appears

as a convenient way to unravel the heat delivery patterns.

Let us discuss a final supporting experiment. The resistance R, of the microwire is a
physical quantity that depends on its temperature. Hence, measuring R,, during the exper-
iment stands for a alternative mean to access the microwire temperature T}, as far as the
calibration curve is known. A calibration was previously measured by heating the electric

circuit in a oven at various temperatures while measuring the resistance of the system. We
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FIG. 4. a) Delivered heat power Pyp estimated using the TIQSI technique compared with the
delivered heat power Peec = (U — RI)I measured electrically. b) Calibration curve relating
the microwire resistance and its temperature. c¢) Estimated temperature using three different
approaches: resistance measurements (blue squares), TIQSI measurements (orange diamonds) and
finite-element simulations (solid black line). d) Temperature profile along the z axis simulated
using COMSOL (solid black line) and retrieved from the experimental measurements using the
TIQSI algorithm (dashed orange line). e) Temperature distribution in the (z,z) plane obtained
using the TIQSI technique. f) Theoretical temperature distribution in the (z,z) plane modeled

using finite-element simulations

found a linear dependence between Ry, and T, as shown in Fig.4(b). Using this calibration
curve, we estimated the temperature of the microwire Ty in parallel to the optical exper-
iments. Figure 4(c) presents a comparison between this resistivity method, finite-element
simulations and TIQSI measurements, demonstrating coherent results. A good agreement is
observed between the simulations and the resistivity method, while the temperature of the
microwire is underestimated due to the diffraction limit in our experiments, as explained
above.

In summary, we show how quadriwave lateral shearing interferometry can be used to
simply map the temperature in three dimensions around resistively heated systems. We also

explain how the heat source density and the actual total heat power delivered by the sys-



tem can be quantitatively retrieved from the optical measurements. Interestingly, while the
temperature may be underestimated when the heat source size is below the diffraction limit,
the estimated delivered heat power is on the contrary not affected by any lack of resolution.
The simplicity of the experimental procedure and its fast readout rate (around one second
to acquire an image) are valuable key points for the characterization of heat release and the
investigation of thermal-induced phenomena on the microscale. This readout rate is not a
fundamental limitation of the technique, and it could be improved with a faster and better
cooled CCD camera. This experimental technique could have valuable applications in mi-
croelectronics where heat generation is what currently limits the downscaling of the chips, in
microwire gas and chemical sensing, in microfluidics'® or in thermal-assisted nanochemistry

in solution.
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