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a b s t r a c t

In this work we demonstrate the use of optical fiber sensors to measure temperature in thin
metallic bonding wires. Temperature was measured in copper wires with diameter of 0.10,
0.28, 0.60 and 0.70 mm and for different values of the driven electrical current (0.75–
10.00 A). A theoretical model for the system, which takes into account the relevant heat
exchange mechanism, was developed. The results demonstrate the feasibility of the optical
sensors application for the measurement of temperature in thin metallic bonding wires.

� 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Thin metallic wires are widely used in electronic and
optoelectronic components and devices. Nevertheless,
their reduced cross section can cause them to fuse at low
electrical currents, driving to the permanent equipment
failure. Therefore, it is useful to be able to monitor the tem-
perature evolution of thin bonding wires and to develop
methods to predict its maximum achieved temperature
as a function of the driving electrical current.

In the last few decades, electronic devices have become
more powerful within ever decreasing package sizes. This
implies thinner bond wires, conducting higher currents,
with an increase in their operating temperatures. Wire
temperature values can be measured using infrared ther-
mal CCDs [16,4], however the image pixel resolution is
usually greater than that of the dimensions of the wire,
leading to errors in calculating the real temperature. Sev-
eral methods have been proposed to compute and estimate
the maximum current that can be conducted in a thin
bonding wire [12–14].

The method here proposed, can be used to determine
experimentally, in a nonintrusive way, and in real time the
temperature of the metallic wire. By this way, the maximum
allowed current can be estimated for each specific situation,
improving the device efficiency without causing damage.

Optical fiber sensors based in-fiber Bragg gratings (FBG)
had been used to measure static [11] and dynamic [3]
parameters, including temperature. Since FBG are in-fiber
sensors they have inherent advantages, such as small
weight, immunity to electromagnetic interference and
the possibility of multiplexing a large number of sensors
and low noise.

The big challenge to overcome in monitoring thin wires
temperature is the dimension (diameter) of the optical fi-
ber, which are typically greater than the dimension of
the wire being monitored. Therefore, the sensor heat
capacity cannot be neglected when calculating the wire
temperature. Therefore, an accurate thermal model for
the system is necessary in order to correctly predict the
real wire temperature values.

In this work, we have developed a method to predict
thin wires temperature, based on data acquired by an
FBG optical sensor placed in contact with the wire. More-
over, we developed a theoretical model that allows us to
predict the real temperature of the thin wires as function
of the electrical current conducted.
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This paper is organized as follows: following the intro-
duction a description of the implementation of an FBG as
temperature sensor is given. The theoretical temperature
model is presented in the subsequent section as are the
experimental and simulation results. The last section pre-
sents the conclusions of the work.

2. FBG for temperature monitoring

An FBG is recorded by imposing a periodical refractive
index modulation, along the longitudinal axis of the core
of a photosensitive optical fiber. The index modulation is
induced by exposing a photosensitive optical fiber to an
ultraviolet (UV) radiation periodic pattern, created by a
phase mask or by interferometric processes. When this
periodic structure is illuminated by a broad spectral band
signal, it selectively reflects a narrow spectral band. The
centre wavelength of the reflected signal is referred as
the Bragg wavelength, kB, since satisfies the first order
Bragg condition, as follows:

kB ¼ 2nef K ð1Þ

where nef is the effective refractive index of the optical fi-
ber and K is the pitch of the refractive index modulation.
The Bragg wavelength is affected by the external tempera-
ture and strain experienced by the fiber [15]. This depen-
dence of kB can be described by:

DkB ¼ 2 K
@neff

@l
þ neff

@K
@l

� �
Dlþ 2 K

@neff

@T
þ neff

@K
@T

� �
DT

ð2Þ

The first term in Eq. (2) represents the strain effect on
the Bragg wavelength. The second term in Eq. (2) corre-
sponds to the temperature dependence, which can be ex-
pressed as:

DkB ¼ kB½aK þ an�DT ð3Þ

where aK is the thermal expansion coefficient and an the
thermo-optic coefficient. For a typical Germanosilicate
core doped optical fiber at 1550 nm, the thermal sensitivity
is 13 pm K�1 [15].

The FBGs temperature and strain response is encoded in
the wavelength domain, which is an advantage in terms of
signal to noise ratio, but places several constrains on the
methods for interrogation. Several techniques based on
simple interferometry [9], Fabry–Perot filters [10],
matched gratings [6], acoustic–optic tunable filters [18],
tunable lasers, long period gratings [19,8], Sagnac loops
based on the chirped fiber Bragg gratings [20] or multi-
port fiber Mach–Zehnder interferometer for multi sensors
interrogation [7] can be used to collect data from FBGs [3].

The FBGs used in this work were recorded in photosensi-
tive single mode fiber (FiberCore PS1250/1500) with a
248 nm KrF laser, using the phase mask technique and with
a length of 3 mm. In order to characterize the grating tem-
perature sensitivity, the fiber (with the FBG superimposed)
was placed over a thermoelectric module and covered with
heat sink compound to smooth the progress of heat transfer.
The thermoelectric module is controlled by a ThorLabs con-
troller model TED 350 using a LM335 as temperature sensor.
The FBG Bragg wavelength is collected by an interrogation
unit from Micron Optics, model SM125. Fig. 1a displays the
reflection spectrum for the FBG used in this work at 20 �C
and Fig. 1b shows the data for the Bragg wavelength as func-
tion of the grating temperature. The latter data is well mod-
eled assuming a linear dependence, yielding to a thermal
sensitivity of 8.93 ± 0.08 pm �C�1, Fig 1b.

3. Theoretical thermal model

The system under analysis is composed of a thin copper
wire and of an optical fiber placed alongside with the thin
wire. To promote the thermal contact between the wire
and the sensor high thermal conductivity heat sink com-
pound is used, smoothing the progress of heat transfer
from the wire to the optical fiber.

The three thermal mechanisms by which a device
exchanges heat energy with the surroundings are the con-
duction, convection and radiation. In the development of
the thermal model we have considered that the device tem-
perature is closer to the environmental temperature value,
and consequently the losses by radiation can be neglected.

In order to model the thermal response of the system
we consider the thermal equivalent circuit shown in
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Fig. 1. (a) Fiber Bragg grating reflection spectrum. (b) Thermal characterization showing the Bragg wavelength as function of the grating temperature. The
solid line corresponds to the data best linear fit (correlation factor > 0.999).
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Fig. 2. Given that the heat capacity of the sensor is not neg-
ligible, when compared with that of the wire, the mea-
sured temperature value (T0) is different than the real
wire temperature (T) [1].

This system is governed by the following set of balance
equations:

Pele ¼ Cf
dT
dt þ kcðT � T 0Þ þ ksðT � T0Þ

0 ¼ Cfbg
dT 0

dt þ kcðT 0 � TÞ þ kf ðT 0 � T0Þ

(
ð4Þ

where Cf and Cfbg are the wire and optical fiber heat capac-
ity, respectively, Pele is the thermal power dissipated in the
wire due to the electrical current, T0 is the environment
temperature, kc represents the thermal conductance be-
tween the wire and the optical fiber, ks the thermal con-
ductance between the optical fiber and the surrounding
and kf the thermal conductance between the wire and
the surrounding.

The supplied thermal power is originating from the
Joule effect caused by the passage of current by the bond-
ing wires. This hest is a function of the electrical resistance,
which is temperature dependent. From the general Ohm
law, considering the thermal dependence of the electric
resistivity:

Pele ¼ I2 l
r0Aw

½1þ aðT � T0Þ� ð5Þ

where I is the electrical current, r0 the electrical conductiv-
ity, l the wire length, Aw the wire area a the resistance ther-
mal coefficient, T0 is a reference temperature (usually room
temperature) and R0 is the resistance at T0.

Replacing T in the system of Eq. (4), the following non-
homogeneous second order linear differential equation
should be considered:

a
d2T 0

dt2 þ b
dT 0

dt
þ cT 0 ¼ d ð6Þ

where the second order, first order, linear and independent
terms, defined as a, b, c and d, respectively, are given by:

a ¼ Cf
Cfbg

kc

b ¼ Cf ð1þ
kf

kc
Þ þ Cfbg

kc
ðkc þ ks � laI2

r0Aw
Þ

c ¼ ks þ kf �
kskf

kc
� laI2

r0Aw
ð1þ kf
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Þ

d ¼ lI2

r0Aw
þ cT0

ð7Þ

The second order differential Eq. (6) has as solution:

T 0 ¼ d
c
þ A1 expðr1tÞ þ A2 expðr2tÞ ð8Þ

being

r1 ¼
�b�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2 � 4ac

p
2a

; r2 ¼
�bþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2 � 4ac

p
2a

ð9Þ

A1 ¼
ðd=cÞ � T0

ðr1=r2Þ � 1
; A2 ¼

T0 � ðd=cÞ
1� ðr2=r1Þ ð10Þ

For the cooling cycles (after turning off the electrical
current) the term T0 in Eq. (10) represents the temperature
value at the instant where the current is switch off and I in
Eq. (7) is set to zero. For heating cycles the term T0 is the
environmental temperature. The real temperature value
in the wire could be obtained from the temperature mea-
sured at the fiber, solving Eq. (4) in order to obtain T:

T ¼ Cfbg

kc

dT 0

dt
þ kf

kc
ðT 0 � T0Þ þ T 0 ð11Þ

4. Experimental implementation

In order to demonstrate the proposed technique, we
implemented an experimental system with four copper
wires, with diameters of 0.10, 0.28, 0.60 and 0.70 mm.
For each wire four different electrical current values were
applied and the temperature measured with an optical
FBG sensor.

Fig. 3 shows a diagram of the implemented setup. The
voltage power source controls the injected current. The
amperimeter (A) and voltimeter (V), from UniVolt (model
DT-6002), allows the measurement of the current and ap-
plied voltage, allowing the estimation of the dissipated
power.

Data from the optical sensor was collected by an optical
interrogation unit from FiberSensing, model FS4200, at five
samples per second and the electrical current injected in
the wires controlled by a voltage power source from FOC
Inc. (Imax = 10 A, Vmax = 5 V) allowing to set the current
values from 0 to 10 A. The optical fiber (containing the
FBG sensor) was placed alongside the wire and a high ther-
mal conductivity heat sink compound was applied be-
tween them, to improve the progress of heat transfer
from the wire to the optical fiber. The electrical current
was applied during 200 s and then the current was
switched off. The temperature values, collected for each

Fig. 2. Schematic representation of the equivalent thermal circuit.

Fig. 3. Representation of the implemented setup.
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wire and for several values of the electrical current, are
presented in Fig. 4.

5. Results and discussion

The time dependence of the temperature values was fit-
ted using expression (8). A Nelder–Mead simplex (direct

search) method was used to minimize the sum of square
errors between the measured values and those numerically
obtained.

The optimization function was implemented in order to
minimize simultaneously the 16 sets of experimental data,
four electrical currents for the four thin wires.
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Fig. 4. Temperature data measured with the FBG-based sensor as
function of time for different electrical currents and for several wires
diameters: (a) 0.70 mm, (b) 0.60 mm, (c) 0.28 mm and (d) 0.10 mm.

Table 1
Initial and final estimated Thermal Parameters Values.

Parameter Wire

0.10 mm 0.28 mm 0.60 mm 0.70 mm

Cf (J kg�1 K�1) Initial value 5.91 � 10�3 4.63 � 10�2 0.213 0.289
Final value 5.71 � 10�2 1.53 � 10�1 0.216 0.492

Cfbg (J kg�1 K�1) Initial value 1.02 � 10�3

Final value 6.75 � 10�2

kc (K�1) Initial value 22.22 34.57 41.38 42.42
Final value 133.92 109.15 1383.45 181.09

kf (K�1) Initial value 1.35 � 10�2 1.35 � 10�2 1.35 � 10�2 1.35 � 10�2

Final value 1.86 � 10�2 2.76 � 10�2 1.60 � 10�2 3.45 � 10�3

ks (K�1) Initial value 3.42 � 10�3 9.59 � 10�3 2.05 � 10�2 2.40 � 10�2

Final value 9.13 � 10�3 3.87 � 10�3 5.96 � 10�3 2.78 � 10�2
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Fig. 5. Temperature measured on the wires with diameter values of: (a)
0.70 mm, (b) 0.60 mm, (c) 0.28 mm and (d) 0.10 mm. The solid line
corresponds to the simulated curves, using the thermal parameters
obtained through the minimization process.
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The initial values for the minimization were chosen
from a set of physical reasonable values collected from
literature [17,2,5], Table 1. The variable Cfbg was imposed
to be constant for all the wires.

The kc initial value was estimated from an approxima-
tion of the contact area between the wire and the optical
fiber, considering also the thermal conductivity of the heat
sink compound (2 W K�1 m�1).

The electrical conductivity, r0, the thermal coefficient of
resistance, a, and the wire length, l, were considered con-
stant during the minimization and their values are 59.6 �
106 S m, 3.93 � 10�3 �C�1 and 0.218 m, respectively [17,5].

The minimization stopping criteria imposed a maxi-
mum of 105 iterations or that for all sets of experimental
the sum of square errors (between the measured values
and those numerically) is lower than 10�10.

Fig. 5 shows the minimization results obtained after 105

minimization iterations. The experimental results are also
shown for comparison purposes.

The fitting error was quantified thought the calculation
of the reduced v2, the final optimization values are also
gathered in Table 1.

The fitting reduced chi-square value is 1.7 � 10�3,
which corresponds to a probability higher than 99.99%
for the hypothesis that the fit describes the deviations bet-
ter than a random sample, confirming the goodness of the
fitting to the proposed thermal model.

6. Conclusion

We have obtained an accurate estimation for the
temperature of thin bonding wires, by using a FBG-based
sensor and an adequate equivalent thermal model for the
wire and the sensor. A comprehensive model that incorpo-
rates all the terms was developed and used to characterize
variations of temperature as function of the conducted
electrical current. From the estimated values we could pre-
dict the real temperature values in thin wires, based on the
temperature measured, using a non-invasive sensor based
on an FBG superimposed on an optical fiber. A good agree-
ment was obtained between the simulated and the exper-
imental values, suggesting a relevant technique for the
prediction of temperature in thin wires. An ability to deter-
mine the maximum current value that could be injected in
the system could be estimated and thus improve the per-
formance of electronic devices.

The minimization stopping criteria imposed a maxi-
mum of 105 iterations or that for all sets of experimental
the sum of square errors (between the measured values
and those numerically) is lower than 10�10. The fitting
reduced chi-square corresponds to a probability higher
than 99.99% for the hypothesis that the fit describes the
deviations better than a random sample, confirming the
goodness of the fitting to the proposed thermal model.
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