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Fabrication, modeling and testing of a thin film Au/Ti microheater
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Abstract

A thin film gold/titanium (Au/Ti) microheater is developed for microthruster ignition, micro explosive boiling, and micro sensor applications.
The microheater was fabricated onto a Pyrex bulk substrate using a micro-fabrication technology. A finite-element based electro-thermal modeling
was employed to predict the microheater performance. The variations of the microheater temperature with time, space, and power supply are
determined from the modeling. A method is presented to determine the thin film Au/Ti electrical resistivity and thermal conductivity. It was found
that significant differences exist between heat transfer in microheater and conventional heater. Experimental testing of the microheater temperature
was performed using a customized circuitry. The finite-element model is validated by the experimental measurements.
© 2006 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Microheaters have been widely investigated because of their
extensive applications in micro gas sensors, pressure sensors,
flow rate sensors, micro explosive boiling, and micro ignition of
micropropulsion systems [1–10]. Solid state sensors based on
semi-conducting sensing materials provide interesting solutions
for various applications, ranging from health care and safety to
quality control in industrial processes [1–5]. Devices based on
micro explosive boiling have applications in thermal bubble jet
printers, biology, medicine, space exploration, and microelec-
tronic cooling [6,7]. A micropropulsion system is indispensable
in microspacecraft for attitude control, delta-v maneuvers, sta-
tion keeping, and orbit adjust [8–10]. The wire heater and thin
film heater are two main kinds of microheaters. A MEMS-based
thin film heater has more interesting applications than a wire
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heater due to its lower heat mass, ease of integration and com-
patibility with other MEMS-based devices.

The general requirements for a thin film microheater are
low power consumption, fast response, good heat confinement,
good mechanical stability, and good fabrication yield. Heavily
p-doped silicon was initially used for the microheater material
because of its excellent mechanical properties [2]. Neverthe-
less, this kind of microheater shows some limitations due to its
relatively high power consumption. To improve the microheater
performance, many recent studies employ dielectric membranes
to assure lower power consumption [3–5,8]. Dielectric mem-
branes do provide improvement in terms of microheater power
consumption. However, they could be less reliable for some
applications in harsh environments. For thin film microheater,
modeling is a good way to predict its performance, especially
its detailed temperature profile [2,4,5,8]. Unfortunately, the thin
film material properties are seldom discussed in detail, which
are essential to the microheater performance prediction. The
temperature variations of thin film material electrical resistiv-
ity and thermal conductivity are often ignored. It should be
noted that these are the key material properties required for
any thin film microheater modeling. Furthermore, some impor-
tant modeling techniques and experimental procedures such as
meshing strategy, grid-independent study, calibration and test-
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Fig. 1. Au/Ti microheater fabrication process flow.
ing procedures are sometimes missing. These are very useful
for understanding the modeling and experiment accuracy.

In this paper, a thin film Au/Ti microheater deposited on a
Pyrex-7740 glass substrate is developed. Pyrex-7740 glass is
selected as the bulk substrate of the microheater because of
its lower thermal conductivity and higher electrical resistivity
compared to silicon, thus achieving good heat confinement and
low power consumption. The Ti layer acts as both the resis-
tor and the adhesion layer between Au and glass. The Au layer
acts as both the conductor and the contact pad. The fabrica-
tion process is much easier and fabrication yield is much higher
than the realization of dielectric membrane-based microheaters
[3–5,8]. This kind of microheater is especially useful for short
temperature pulse applications, like microthruster ignition and
micro explosive boiling. Being based on a bulk Pyrex substrate,
it is furthermore compatible with harsh environments, which
is generally not the case for membrane-based microheaters.
A finite-element based electro-thermal modeling is presented
to predict the microheater performance. The electrical resistiv-
ity and thermal conductivity of thin film Au/Ti are crucial to the
modeling and they are very much different from those of bulk
Au/Ti due to differences in their microstructures. No existing
electrical resistivity and thermal conductivity data of thin film
Au/Ti could be found in the literature. Therefore, a method is
presented to determine the thin film Au/Ti electrical resistivity
and thermal conductivity. In addition, some interesting differ-
ences in heat transfer between a microheater and a conventional
heater are addressed in the modeling. Furthermore, the Au/Ti
microheater temperatures from the modeling are compared with
those obtained from experimental measurements.

2. Fabrication of the thin film Au/Ti microthruster

The fabrication was performed using a micro fabrication
technology. The process started with a 550 µm thick double pol-
ished Pyrex 7740 glass substrate. Positive photoresist was spin-
coated onto the Pyrex glass and patterned using photolithog-
raphy through a designed mask-1. A metal layer of Ti with
the thickness of 206 nm (measured with a Profiler from KLA-
Tencor Corporation) was deposited on the glass substrate by
e-beam evaporation. The Ti layer acts as both the resistor and
the adhesion layer. Then a metal layer of Au with the thickness
of 77 nm was deposited onto the Ti layer through e-beam evapo-
ration. The Au layer acts as both the conductor and contact pad.
Metal (Ti and Au) lift-off was performed in an ultrasonic bath
using acetone for 20 min. After solvent and DI-water clean,
the Pyrex substrate with Ti and Au metals was spin-coated and
patterned using photolithography by another designed mask-2.
After the exposed photoresist was removed, the substrate was
put into Au etchant (KI + I2 + H2O) for 5 min. The Au in the
designed area was removed and the zigzag Ti was exposed as
the resistor. After solvent and DI-water clean, the glass wafer
with the Au/Ti microheater was blown-dried with nitrogen and
then put into an oven with nitrogen flux at 250 ◦C for 20 min.
The simplified micro fabrication process is shown in Fig. 1.

Fig. 2 is the SEM photo of the fabricated microheaters with
Ti as the resistor and Au as the conductor. The optical photo of

Fig. 2. SEM photo of the Au/Ti microheater.
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Fig. 3. Optical photo of the Au/Ti microheater.

the zigzag part of Ti resistor is shown in Fig. 3. The dimensions
of the single microheater structure are about 3500 × 1500 ×
550 µm (L × W × T) and the dimensions of the heater zone
(hotspot) are 475 × 250 µm.

3. Three-dimensional finite-element electro-thermal
modeling

3.1. Microheater geometry

The dimensions of the simulated Au/Ti microheater are ex-
actly the same as the fabricated Au/Ti microheater (see Figs. 2
and 3). The geometry of the simulated Au/Ti microheater is
shown in Fig. 4.

3.2. Material property

The electrical resistivity, thermal conductivity, total emis-
sivity, specific heat, and density of the thin film Au, thin film
Ti, and Pyrex-7740 glass are required in the modeling. The Au
and Ti thin films are the key materials for the electro-thermal
process. Their properties can be affected by the deposition and
fabrication conditions. Consequently, the properties of these
thin film materials must be determined carefully.

3.2.1. Electrical resistivity of thin film gold
The electrical resistivity of Au can be found in Ref. [11].

Nevertheless, the data for bulk Au cannot be used for thin film
Au due to the differences in their microstructures. Employing
Matthiessen’s Rule [12], the thin film Au resistivity is estimated
by combining the measured thin film Au resistivity at room
temperature (300 K) with the temperature-variation data from
Ref. [11]. According to Matthiessen’s Rule, the resistivity of a
metal is composed of two components. One is the “residual” re-
sistivity ρ0, which is independent of temperature. The other is
the lattice resistivity ρl(T ), due to the vibrating lattice. The two
resistivities can be separated and ρl(T ) would be the same for
the bulk and thin film metals. As a result,

ρbulk/thin-film(T ) = ρ0,bulk/thin-film + ρl(T ) (1)
Fig. 4. Geometry of the simulated Au/Ti microheater.

Therefore, the difference between thin film Au resistivity and
bulk Au resistivity is

�ρ = ρthin-film(T ) − ρbulk(T ) = ρ0,thin-film − ρ0,bulk

= ρthin-film(300 K) − ρbulk(300 K) (2)

Accordingly, the data of bulk Au resistivity in Ref. [11] can be
modified for the thin film Au by adding �ρ

ρthin-film(T ) = ρbulk(T ) + �ρ (3)

The thin film Au resistivity at room temperature
(ρthin-film(300 K)) is measured by a Veeco FPP-5000 4-Point
Probe. An Au layer with a thickness of 77 nm is deposited by e-
beam onto a silicon wafer covered with a SiO2 insulation layer.
The deposition conditions are the same as those employed for
the Au/Ti microheater fabrication. The sheet resistivity of Au
at 300 K is measured using the 4-Point Probe. The resistivity
of Au is obtained through multiplying the sheet resistivity by
77 nm. The measured resistivity of thin film Au at 300 K is
3.99 × 10−8 �·m, which is higher than the bulk Au resistiv-
ity of 2.77 × 10−8 �·m in Ref. [11]. This higher resistivity is
caused by the low deposition temperature, not allowing for dif-
fusion of individual Au atoms during the deposition to form a
lattice of a lower defect density as compared to the bulk Au.
Table 1 is the estimated thin film Au resistivity using Eq. (3).

3.2.2. Thermal conductivity of thin film gold
The thermal conductivity of bulk Au can be found in

Ref. [11]. The data must be modified for thin film Au due to the
different microstructures. For metallic Au, the relationship of its
thermal conductivity κ and electrical conductivity σ (σ = 1/ρ)

is described by Wiedemann–Franz Law [12]:

κ

σ
= κρ = LT (4)

where L, called the Lorentz number, is 2.41 × 10−8 W·�/K2

for Au [11,12]. Wiedemann–Franz Law is used to obtain the
thin film Au thermal conductivity at 300 K with a value of
180.93 W/m K. The inverse of the Au thermal conductivity
(1/κ , called thermal resistivity) is assumed to have two com-
ponents. One is caused by lattice defects (1/κ0) and the other
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Table 1
Estimated electrical resistivity of thin film Au

Temperature (K) 293 298 300 400 500 600 700 800 900

Resistivity (10−8 �·m) 3.94 3.98 3.99 4.83 5.69 6.6 7.55 8.54 9.59
Table 2
Estimated thermal conductivity of thin film Au

Temperature
(K)

293 300 400 500 600 800

Conductivity
(W/mK)

181.1 180.93 178.96 176.62 174.58 169.68

Table 3
Estimated electrical resistivity of thin film Ti

Temperature
(K)

293 300 400 500 600 700 800 900

Resistivity
(10−8 �·m)

153.55 156.35 175.35 194.55 214.05 231.15 245.75 257.35

Table 4
Estimated thermal conductivity of thin film Ti

Temperature (K) 293 300 400 500 600 700 800

Conductivity (W/m K) 5.94 5.93 5.81 5.76 5.72 5.73 5.76

is due to thermal vibrations (1/κl(T )) in analogy to electrical
resistivity.

1

κ(T )
= 1

κ0
+ 1

κl(T )
(5)

The thermal resistivity difference �(1/κ) between thin film and
bulk Au is expressed as

�

(
1

κ

)
= 1

κthin-film(T )
− 1

κbulk(T )
= 1

κ0,thin-film
− 1

κ0,bulk

= 1

κthin-film(300 K)
− 1

κbulk(300 K)
(6)

Consequently,

κthin-film(T ) =
(

1

κbulk(T )
+ �

(
1

κ

))−1

(7)

The thermal conductivity of thin film Au is estimated by Eq. (7)
and listed in Table 2.

3.2.3. Electrical resistivity and thermal conductivity of thin
film titanium

The electrical resistivity and thermal conductivity of thin
film Ti are obtained in a similar manner as those of thin film
Au. The thin film Ti electrical resistivity at 300 K is measured
by a 4-point probe. The thin film Ti resistivity as a function of
temperature is calculated using the Matthiessen’s rule and bulk
Ti resistivity data [11]. On the other hand, the thermal conduc-
tivity of thin film Ti is obtained from the Wiedemann–Franz
Law and bulk Ti thermal conductivity data [11]. Tables 3 and 4
are the estimated data for thin film Ti.

3.2.4. Total emissivity and specific heat of thin film titanium
and gold

The total emissivityε of titanium has been studied in Ref.
[13]. These values assume a smooth surface. Because titanium
is deposited onto a very smooth glass surface in this work, it is
indeed smooth and the emissivity values from Ref. [13] do not
need to be modified as listed in Table 5.

The total emissivity of Au is obtained from Ref. [14] with
0.02 at 473 K and 0.03 at 873 K.

The specific heats for the thin film Ti and Au are assumed
to be similar to those of the bulk Ti and Au [11] as listed in
Table 6.

3.2.5. Summary of material properties
Table 7 shows the summary of the properties of the materials

used in the modeling. The properties of bulk Pyrex-7740 glass
are from its supplier.

3.3. Initial condition and boundary conditions

For this transient modeling, the initial temperature of the
entire microheater is assumed to be 300 K. The boundary con-
ditions are as follows: the ambient temperature is 300 K, heat
convection and radiation on all the surfaces of the microheater
in contact with ambient air, and ohmic heating in the element
volumes.

4. Modeling results

For this transient electro-thermal process, finite-element
modeling software ANSYS is used here to model the entire
three-dimensional device due to its excellent capacity to solve
multi-physics problems in microscale [4,8,15]. For efficient and
accurate modeling, appropriate meshing for the microheater
should be determined. The thin film Au/Ti has the finest mesh to
model the electro-thermal process more accurately as shown in
Table 5
Estimated total emissivity of thin film Ti

Temperature
(K)

366 478 589 700 811 922 1033 1144 1255

Total
emissivity

0.3 0.3 0.3 0.3 0.31 0.31 0.32 0.35 0.41



584 K.L. Zhang et al. / International Journal of Thermal Sciences 46 (2007) 580–588
Table 6
Estimated specific heats for the thin film Ti and Au

Temperature
(K)

300 350 400 500 600

Specific heat
(Ti, J/kg K)

129 129 130 133 136

Specific heat
(Au, J/kg K)

0.3 0.3 0.3 0.3 0.31

Table 7
Summary of material properties

Pyrex-7740 Thin film Au Thin film Ti

Electrical resistivity (�·m) 1.26 × 106 ρ(T ) ρ(T )

Thermal conductivity (W/m K) 1.18 κ(T ) κ(T )

Specific heat (J/kg K) 753.12 Cp(T ) Cp(T )

Total emissivity ε(T ) ε(T )

Density (kg/m3) 2230 19320 4507

Fig. 5. Meshed thin film Au/Ti layers.

Fig. 6. Meshed glass layer.

Fig. 5. For the glass substrate, the region near Au/Ti is meshed
finely to match the Au/Ti mesh and to capture the conductive
heat transfer; the mesh becomes coarser away from this region
as shown in Fig. 6.

The computational grids employed for the modeling are de-
termined by performing grid-independent study to minimize the
modeling error. When the change in the solution between sub-
sequent stages of grid refinement is considered to be negligible,
the lower, but still sufficient, grid resolution is kept. The Au/Ti
microheater maximum temperature is compared among differ-
ent stages of grid refinement as shown in Fig. 7. Finally, the
model is meshed using 38320 nodes.

4.1. Initial comparison between experiment and modeling

A simple experiment is performed to visually verify the
finite-element model. An Au/Ti microheater is connected to
a high voltage power source for a long time so that part of
the Ti is damaged because of long exposure to high tempera-
ture. A photo is taken at the Ti part of the Au/Ti microheater
using a microscope as shown in Fig. 8. As can be seen, the dis-
colored portions of the Ti heater are caused by excessive heat
generation. The simulated temperature profile of the Ti heater
from finite-element modeling is shown in Fig. 9. As is shown,
both the temperature profiles from the experiment and model-
Fig. 7. Grid-independent study.

Fig. 8. Temperature profile from experiment.

Fig. 9. Temperature profile from modeling.

ing match very well. A more precise temperature comparison
between experiment and modeling is presented next.

4.2. Effect of heat convection on microheater maximum
temperature

For a conventional heater, convection heat loss is normally
a crucial factor that affects the heater performance. However,
for micro-scale heater, this may not be the case. To study the
effect of heat convection on microheater performance, mod-
eling is performed for the thin film Au/Ti microheater using
convection coefficient values range from 10 to 100 W/m2 K.
Fig. 10 shows the microheater maximum temperatures with an
8 V supply voltage at different convection coefficients. When
the microheater maximum temperature is lower than 660 K, the
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Fig. 10. Effect of heat convection on microheater temperature.

temperature difference is below 1% even if the convection co-
efficient changes from 10 to 100 W/m2 K. When the maximum
temperature is below 800 K, the difference is within 10%. Be-
cause the microheater normal operation maximum temperature
is below 800 K, the impact of heat convection on the Au/Ti
microheater temperature can then be neglected. Therefore, the
heat convection is supposed to be negligible at median-low tem-
peratures because of the small size of the microheater. This is
wastly different from that for a conventional heater. Puigcorbe
et al. also validated this phenomenon for polysilicon a micro-
heater deposited on a silicon substrate with dielectric mem-
branes [4]. Rossi et al. estimated the heat convection coefficient
to be 100 W/m2 K using infra-red (IR) method for their polysil-
icon microheater [8]. The device dimensions and conditions in
Ref. [8] are similar to those of the microheater in this study.
Hence, 100 W/m2 K is employed for the following simulations.

4.3. Thermal radiation effect on microheater maximum
temperature

Thermal radiation is another important way of heat loss, es-
pecially for high temperature objects. Because the microheater
is supposed to operate in the high temperature range, the radi-
ation heat loss of the microheater should be addressed. Fig. 11
shows the effect of radiation heat loss on the microheater maxi-
mum temperature with a 10 V supply voltage. The microheater
maximum temperature changes only 2.43% because of radi-
ation loss even if the microheater maximum temperature in-
creases to 898.74 K. Consequently, the radiation heat loss is
neglected in the following simulations.

4.4. Microheater temperature variation with time and space

The microheater temperature variation with time and space
is very useful for understanding the thin film heater perfor-
mance. Figs. 12 to 15 show the microheater temperature (K)
variation from 1 ms to 10 s with a 10 V supply voltage. For a
thin film heater, minimizing thermal heat loss is the key to gain
Fig. 11. Effect of radiation on microheater temperature.

Fig. 12. Temperature profile at 1 ms.

Fig. 13. Ti resistor temperature profile at 10 ms.

a better thermal yield (maximum temperature over the electrical
power consumption). One way to reduce considerably thermal
loss is to have a very good heat confinement. It can be seen from
these figures that a good heat confinement is achieved for the
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Fig. 14. Temperature profile at 10 s.

Fig. 15. Temperature profile at 10 s.

Au/Ti microheater. The temperature at the Ti heater increases
rapidly, whereas the temperature does not change very much
elsewhere. This is mainly caused by the zigzag microheater de-
sign and the better thermal insulation property of Pyrex 7740
glass substrate compared to silicon substrate (thermal conduc-
tivity: Pyrex 7740 glass, 1.18 W/m K; silicon, 141.2 W/m K).
The cross-section view of the substrate temperature profile is
shown in Fig. 15.

4.5. Microheater maximum temperature variation with voltage

The maximum temperature is a key parameter of the micro-
heater, especially for micro ignition application [9,10]. Fig. 16
shows the microheater maximum temperature variation as a
function of the supply voltage. The variation in temperature
follows a logarithmic trend. The plots indicate that the max-
imum temperature increases rapidly at the application of the
power, but the increase is slow after about 4 s. This is due to
the equilibrium between heat generation by the Joule effect and
heat loss by conduction, convection and radiation. As can be
seen, the microheater maximum temperature can be controlled
by changing the supply voltage.
Fig. 16. Microheater maximum temperature variation with voltage.

Fig. 17. Microheater maximum temperature versus electrical power.

4.6. Microheater maximum temperature versus electrical
power

One of the main requirements for a thin film microheater is
low power consumption. Fig. 17 shows the microheater maxi-
mum temperature variation as a function of the electrical power
at steady state. As is shown, the variation in maximum tem-
perature follows a linear trend with electrical power, which is
similar to that for polysilicon heater developed in Ref. [8]. The
microheater has a good thermal yield (437 K at an input power
of 50 mW, 573 K at 100 mW). This is due to the zigzag heater
geometry and high thermal resistance of the Pyrex 7740 glass
compared to silicon.

5. Experimental testing of the thin film Au/Ti microheater

A custom-circuitry was fabricated to measure the transient
temperature of the Au/Ti microheater experimentally [16]. In
this set-up, the microheater temperature is determined indi-
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Fig. 18. Principle of acquiring the microheater temperature.

rectly by measuring the change in electrical resistance of the
microheater. This method has been shown to be an accurate
method for obtaining the transient temperature of micro-scale
heaters [6,7]. In this measurement, an experimental calibration
law of the microheater electrical resistance versus tempera-
ture is used to infer the actual temperature of the microheater.
Fig. 18 shows the principle of acquiring the microheater tem-
perature. The change in the microheater resistance is first calcu-
lated using Ohm’s law (R = V/I ). Then, the transient temper-
ature of the microheater is obtained using the formula derived
from the calibration law.

5.1. Calibration of the microheater resistance versus
temperature

A silicon chip with a SiO2 insulation layer and Au contact
pads was employed to hold the microheater. The Au contact
pads of the microheater were connected to Au contact pads on
the SiO2 layer by a thin Au wire using ultrasonic bonding. Two
flexible wires were connected to the Au contact pads on the
SiO2 layer using a high-temperature solder. Then, the micro-
heater installed on the silicon chip was placed into a Carbolite
1200 burn-off furnace. The furnace temperature and the mi-
croheater electrical resistance were measured simultaneously
using an HP 34970A data acquisition unit. The furnace temper-
ature was increased slowly to allow for thermal equilibrium and
measured by taking the average readings of two type-K thermo-
couples mounted very close to the microheater. The microheater
resistance was measured using a four-wire technique to improve
the measurement accuracy. From the measurement data, a cali-
bration law, R = 0.3522T + 249.13, is derived.

5.2. Microheater temperature variation with time

Fig. 19 shows the changes in supply current as a function of
time at an 8 V supply voltage for the Au/Ti microheater along
with its corresponding change in microheater resistance.

From these data, the temperature variation of the micro-
heater with an 8 V supply can be deduced from the calibration
law and is shown in Fig. 20. The average temperature increases
very quickly at the application of the supply voltage but the in-
crease is slow after 4 s. Again, this is due to the equilibrium
Fig. 19. Current and resistance variations with time.

Fig. 20. Au/Ti microheater temperature variation with time.

between heat generation by the Joule effect and heat loss by
conduction, convection, and radiation.

5.3. Comparison between experimental measurement and
electro-thermal modeling

Fig. 21 shows the distribution of electric field in the Au/Ti
microheater with a supply voltage of 8 V from electro-thermal
modeling. As can be seen, almost all the voltage drop occurs
in the zigzag part of the Ti resistor, which is expected because
thin film Au has a much lower electrical resistivity than that of
thin film Ti. This means the Au contact pad and Au conductor
resistance can be neglected. Therefore, the calibration law of
resistance versus temperature of the microheater corresponds to
that on the zigzag part of the Ti microheater. Consequently, the
average temperature of the Ti zigzag part can be derived from
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Fig. 21. Electrical field of the Au/Ti microheater.

Fig. 22. Comparison between measurements and electro-thermal modeling.

electro-thermal modeling for comparison with the experimental
measurements.

Fig. 22 shows the microheater temperature comparison
among electro-thermal modeling, experimental measurements
using the circuitry and a type-K thermocouple at supply volt-
ages of 3 and 5 V. The thermocouple was attached tightly to
zigzag part of the microheater. Temperature was acquired us-
ing an Agilent 34970A data acquisition unit with a scan rate of
1 ms. As can be seen, temperatures obtained from the type-K
thermocouple are much lower than those from both the model-
ing and custom-circuitry measurements. This is mainly caused
by thermocouple heat conduction as well as the presence of a
thermal resistance between the thermocouple and microheater.
This shows that direct thermocouple measurement is not very
practical for micro-scale heater. The temperature difference
between electro-thermal modeling and experimental measure-
ment using the custom-circuitry is small. This difference is
mainly caused by the variation between actual thin film Au/Ti
material characteristics and those calculated in the modeling,
the uncertainty in resistance versus temperature calibration, and
the oxidation of Ti and degradation of Au/Ti due to agglomera-
tion at high temperatures [17].

6. Conclusion

A thin film Au/Ti microheater deposited onto a Pyrex glass
substrate was designed, fabricated, simulated and tested. The
use of Pyrex glass reduced the microheater power consump-
tion due to its lower thermal conductivity and higher electrical
resistivity compared to silicon. The fabrication process of this
Au/Ti microheater is simpler and has a higher yield than those
of the microheaters employing dielectric membranes. A method
was presented to investigate the thin film Au/Ti properties.
The three-dimensional thin film microheater performance was
predicted using a FEA-based electro-thermal modeling. It was
found that heat conduction through the substrate dominated the
microheater heat loss, whereas, heat convection and heat radi-
ation losses were negligible at median-low temperatures due to
the small size of the microheater. The transient temperature re-
sponse with the application of power supply was determined
by measuring the change in resistance versus time using a fast
custom data acquisition circuitry. Experimental measurements
were found to validate the electro-thermal modeling.
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