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The thermoreflectance technique is applied for imaging electric current distributions and thermal
transfer in a temperature reference resistor heated by an alternating current. High-frequency scans
~30 kHz! allow imaging of the current density distribution in conducting strips of the resistor while
scans of amplitude and phase of the surface temperature variation at lower frequencies reveal plane,
cylindrical, and spherical thermal waves. We investigate wave dimensionality as a function of
heating geometry and thermal length, and present a simple method allowing a quantitative thermal
analysis by exploiting the phase profile of cylindrical thermal waves. ©1996 American Institute
of Physics.@S0021-8979~96!11115-4#
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I. INTRODUCTION

Due to their increasing compactness electronic mic
devices suffer from intensive heating limiting their lifetim
Therefore, thermal management, i.e., localizing and avoid
strong heat sources, plays an important role in the desig
integrated circuits. A prerequisite for design optimization
analytical tools for the detection of hot spots. While the l
eral resolution of steady-state infrared video technique
insufficient to localize hot spots with micron resolution, ph
tothermal and photoacoustic imaging techniques are
suited to monitor heat sources and diffusion.1–3 In contrast to
other photothermal techniques utilizing laser heating,
technique applied here is based on periodic Joule heatin
an electrically conducting sample by an alternating curr
the concept and data interpretation, however, are very sim
to laser heating experiments.4–6 Photothermal methods ar
well established for the characterization of semiconduc
materials and devices. Mandelis, Williams, and Siu7 moni-
tored subsurface structures and electronic processes
active transistor by thermal wave and plasma wave de
profiling using a deflection technique to measure the indu
temperature change. Detailed studies on photothermal d
tion of doting features in silicon have been presented
Forget and Fournier.8,9 Of particular importance to qualit
testing is the imaging of temperature distributions in ope
ing laser diodes10,11 and integrated circuits.12–15

The present work demonstrates the visualization of t
perature oscillations due to modulated Joule heating in
arrangement of platinum conducting strips in a tempera
reference resistor. By a variation of the ac frequency we
to separate the contributions of local Joule heating and t
mal waves and we study the role of thermal wave dimens
ality. Cylindrical waves are utilized to measure heat trans
to the substrate by analyzing phase profiles.

II. EXPERIMENT

The experimental setup is outlined in Fig. 1. Its ope
tion and performance is similar to other photothermal mic
scopes reported in the literature.16 Due to the thermoreflec
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tance effect the intensity of the reflected probe beam
modulated proportionally to the temperature oscillation
the irradiated spot induced by the electric current. Details
this technique are described elsewhere.17 The output signal
of a function generator is amplified by a commercial aud
amplifier to obtain an average heating power of about 2
In contrast to previously performed work3 we now use a
commercial microscope to achieve a spot size of a few
crons for the HeNe probe laser beam on the sample. A
separation from the incident beam by a Faraday rotator
intensity of the reflected beam is measured by a photodio
Phase-sensitive detection by a lock-in amplifier yields
amplitude of the temperature oscillation and its phase s
with respect to the heating power in arbitrary units. To obt
thermal images the sample is mounted on a motor dri
translation stage allowing the test beam to scan the are
interest.

As a sample we chose a structure of platinum conduc
strips on a Al2O3 substrate manufactured by Jumo~Fulda,
Germany!. The device is commercially used as a resist
thermometer~40 V at room temperature!. The conducting
strips with a thickness of 2mm form a maze in which the
electric current passes through loops, serpentines, and bo
necks resulting in a very inhomogeneous current density
tribution and a thermal pattern of hot spots and cold regio
Measurements were performed at frequencies ranging f
0.3 to 30 kHz.

III. BASIC PRINCIPLES OF CURRENT DENSITY
IMAGING

Neglecting capacitance and induction effects in the c
cuit, we assume that the current densityj ~r ,t! oscillates at
any locationr with frequencyv and the same phase. Th
Joule heating power per unit volume resulting from the el
tric current densityj ~r ,t!5j 0~r ,t!sin~vt! can be split into a
constant and an oscillating part,

dP~r ,t !Joule
dV

5
J2~r ,t !

2s
5
j 0
2~r !

2s
1
j 0
2~r !

2s
exp~ i2vt !, ~1!il:
20133/6/$10.00 © 1996 American Institute of Physics
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wheres is the specific resistivity of the sample. To obtai
the time-dependent temperature field in the sample each t
in Eq. ~1! can be used as a source term in the heat diffus
equation.18

The time-independent termj 0
2(r )/2s gives rise to a

slowly varying temperature distribution in which spatia
variations of the heating power are smeared out. In contra
the oscillating term@j 0

2(r )/2s#exp~i2vt! causes a pattern of
thermal waves oscillating at twice the ac frequency carryi
the information about local heating and heat diffusion fro
strongly heated regions. The decay of the heavily damp
waves can roughly be described by the thermal diffusi
lengthL th 5 A2D/2v, whereD 5 Ak/rcp is the thermal dif-
fusivity combining the thermal conductivityk with the spe-
cific heat cp and the densityr. L th is the decay length of
plane thermal waves, while attenuation is stronger for cyl
drical and spherical wave geometries.

In general the temperature oscillation at a particul
point is composed of a contribution due to local deposit
heat and superimposed thermal waves from remote sour
The former contribution is proportional toj 0

2(r )/s; while the
latter reveals typical wavelike features such as decay in a
plitude and an increasing phase lag as a function of dista
from the source. Due to the frequency dependence of
thermal length, hot spots are best localized at high frequ
cies, while wave propagation can be monitored convenien
at low frequencies. Our test sample allows the study of th
mal waves of different dimensionality that are depicted sch
matically in Fig. 2.

A conducting strip of lengthl , thicknessh, and lateral
sizew larger than the thermal diffusion length causes a pla
wave in the vertical direction@Fig. 2~a!#. To simplify the
discussion we neglect the influence of the semicylindric
thermal waves at the edges. The wave originating from
conducting strip being narrower than the thermal leng
~w,L th! can approximately be described by a cylindric

FIG. 1. Schematic view of the photothermal microscope.
2014 J. Appl. Phys., Vol. 80, No. 4, 15 August 1996
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wave@Fig. 2~b!#. Sharp bends in a conducting strip give ris
to highly localized current densities and result in pointlik
heat sources~hot spots! forming spherical waves@Fig. 2~c!#.

We now present a theoretical basis for the correlatio
between photothermal amplitude and thermal wave dime
sionality. For that purpose, consider a rectangular conduct
strip carrying an ac electric current of amplitudeI 0 , which
gives rise to an ac current densityj 05I 0/wh. The resulting
modulated heating power deposited in the entire strip is

P5
dP

dV
wlh5

I 0
2l

2swh
. ~2!

For one-dimensional heat flow the photothermal amplitudea
is proportional to the heating power per unit area, i.e.,a;P/
lw. Using Eq.~2! we obtain

a;
I 0
2

2shw2 . ~3!

Thus, for a given electric currentI 0 the photothermal ampli-
tude a is proportional to the inverse of the strip width
squared.

In the case of cylindrical heat flow the photothermal am
plitude is proportional to the heating power per unit length
the strip:a;P/ l . We obtain

a;
I 0
2

2shw
, ~4!

realizing that in contrast to one-dimensional heat flow th
signal is proportional to the inverse width of the strip. Thes
arguments do not apply to spherical heat flow from pointlik
heat sources since the heating power per unit area canno
defined in that case.

FIG. 2. Schematic representation of thermal waves originating from co
ducting strips of different geometry:~a! plane wave;~b! cylindrical wave;
~c! spherical wave. In~c! only the dominant wave caused by the hot spot a
the right angle is shown. Small letters denote strip dimensions.
Voigt, Hartmann, and Reichling
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In this work we analyze heat transfer through the Al2O3
substrate by measuring the phase profile of a cylindrical th
mal wave that can approximately be described by

T~r !5T0~r !expF i S 2vt2
r

L th
D G , ~5!

with r being the radial distance from the source andT0(r )

FIG. 3. ~a! Amplitude and~b! phase of the photothermal response in t
lower part of the microstructure. Amplitude values in the range 0.8–3 m
are all marked red to emphasize subtle effects at lower amplitude leve

FIG. 4. Left-hand side detail of the amplitude micrograph Fig. 3~a! linearly
scaled to the maximum amplitude. Here, the color scale used for the o
figures was converted to a gray scale. The maximum amplitude form
coded in red corresponds to a medium grey level while lower amplitu
formerly coded in yellow appear in white.
J. Appl. Phys., Vol. 80, No. 4, 15 August 1996
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the wave amplitude that is difficult to express analytically.19

The factorf~r ,t!52vt2r /L th is the phase of the photother-
mal signal and

x5
df

dr
5

1

L th
5S 2v

2D D 1/2 ~6!

its slope. Plottingx2 as a function of the ac frequencyv we
expect a straight line with slope 1/D and thus the procedure
allows a determination of the substrate thermal diffusivity.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. Imaging heat sources and diffusion

We scanned several areas of interest of the resistor a
recorded amplitude and phase of the temperature oscillat
at each point. Figures 3~a! and 3~b! present survey scans on
the lower half of the resistor recorded at a modulation fr
quency of 1 kHz. Different values of nonvanishing curren
densities are distinguished by an elevated amplitude rep
sented by the colors green, yellow, and red in Fig. 3~a!;
however, the phase of the photothermal signal along th
path is rather constant@yellow/orange shading, Fig. 3~b!#. On
sections of the platinum layer with negligible current densi
only a small noise amplitude with random phase was o
served. From the amplitude image@Fig. 3~a!# the influence of
the conducting cross section on the current density, i.e.,
the amplitude of temperature oscillations, can clearly b
seen. In the three narrow conducting strips appearing red
amplitude much higher than in the broad ones was measur
As the width of these strips~20 mm! is smaller than the

e
V
.
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FIG. 5. Photograph of the platinum layer at the top of the test structu
partly damaged due to strong Joule heating.

FIG. 6. ~a! Amplitude and~b! phase micrograph of a part of the microstruc
ture, where damage has occurred~see Fig. 5!. The resulting decreased ther-
mal contact of the platinum layer to the substrate results in an increa
amplitude and in a strong phase contrast.
2015Voigt, Hartmann, and Reichling
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amplitude
FIG. 7. Amplitude and phase micrographs recorded at 0.3, 3, and 30 kHz, demonstrating thermal wave propagation in a region with strong thermal
gradients. The image represents a 3003300mm2 square in the lower left-hand side of Fig. 3.
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thermal length at 1 kHz of 39mm ~see Table I! heat flow is
best described by cylindrical waves. Their quantitativ
evaluation is described in Sec. IV B. The high-temperatu
oscillations on these strips causes a phase signal of high
bility represented by a clear orange color in Fig. 3~b!.
Geometry-related effects cannot only be seen in regions o
reduced width of the platinum strip but also at the edge
There the electric current concentrates at the inner edges
right angles yielding elevated local temperature oscillation
as can be seen at the left- and right-hand-side lower corn
of the structure.

Whereas in Fig. 3~a! all amplitudes between 0.8 and 3
mV are represented in red in order to visualize details in lo
current density areas, in Fig. 4 only the maximum amplitud
values are marked with the highest level shading. Thus, F
4 illustrates that in the vertical narrow conducting strip th
current density is lower than in the horizontal ones, indica
ing that part of the current also passes through the loop t
is located on the right-hand side of the three strongly heat
strips. This current leads to phase values represented in
ange in Fig. 3~b!. An amplitude in this loop being slightly
higher than in strips without flow of current can be inferre
from Fig. 3~a!.

The photograph in Fig. 5 displays a detail in the uppe
left-hand side of the resistor that was not included in th
survey scan discussed previously. Due to the very high th
mal load during a test experiment, part of the platinum lay
in this area has melted and delaminated from the substra
The photothermal images in Fig. 6 were recorded with th
platinum resolidified at much lower current density. The
give a survey of the upper half of the resistor and include t
detail shown in Fig. 5. This area is particularly heated due
the high current density at the right angle of a narrow co
ducting strip and due to the vicinity of the lower paralle
conducting strip being a heat source, as well. An elevat
signal was measured on the affected platinum, due to a
duced thermal contact to the substrate. In addition, here
local phase is shifted by 180° with respect to the unaffect
parts of the conducting strip. This phase contrast cannot
2016 J. Appl. Phys., Vol. 80, No. 4, 15 August 1996
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explained by the reduced thermal contact, since a phase s
of about 180° between heating current and temperature
cillation is impossible. To explain this we assume that th
decreased mechanical contact of the strip to the subst
allows vibrations of the platinum layer resulting in a modu
lated deflection of the probe beam contributing as a displa
ment signal and dominating its phase.

B. Detailed data analysis

We now return to the strongly heated area in the low
left-hand side corner in Fig. 3. To investigate thermal diffu
sion in this area we recorded amplitude and phase image
various frequencies ranging from 0.3 to 30 kHz. A series
amplitude and phase images is shown in Fig. 7 while Fig
visualizes thermal wave propagation by drawing lines
equal phase for the various frequencies. The capital letter
this figure denote various areas of interest that will be d
cussed in the following. As no electric current pass
through the broad horizontal conducting strip A forming
dead end, the temperature oscillations measured there
only be caused by thermal waves from the adjacent hea
strips. These are cylindrical waves originating from th

FIG. 8. Isophase lines of thermal waves in the region shown in Fig. 7 a
function of frequency. Successive lines represent a phase shift of 3° w
respect to the oscillations on the conducting strip B.
Voigt, Hartmann, and Reichling
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strongly heated horizontal conducting strip B and the sph
cal waves starting at the edges of the current path C an
As expected, with increasing frequency these thermal wa
have a shorter range in region A. At 30 kHz a nonvanish
photothermal amplitude could be measured only at the up
edge of strip A, whereas the decrease of temperature osc
tions with the distance from the narrow horizontal condu
ing strip is obvious at 0.3 kHz. Likewise, phase images
Fig. 7 show that the phase gradient of the cylindrical wa
increases with increasing frequency. The isophase line
Fig. 8 clearly demonstrate this behavior. Similarly, the h
spot at the right angle C is best resolved at high frequenc

For a more detailed analysis of thermal wave propa
tion we now investigate amplitude and phase profiles
1 kHz measured along the white line indicated in Figs. 4
and 8. The resulting cross sections shown in Fig. 9 w
obtained by averaging 20 values of neighboring lines to

FIG. 9. Profile of probe beam reflectivity and thermoreflectance amplit
and phase at a frequency of 1 kHz measured along the vertical line show
Figs. 4, 7, and 8. The dotted line in~c! is drawn to indicate the linear declin
in phase used for diffusivity determination.

FIG. 10. Plot of the ratio of amplitudes measured on the conducting stri
and B ~see nomenclature introduced in Fig. 7! as a function of frequency
The dashed lines represent the values~wB/wE)

2 andwB/wE expected for
one- and two-dimensional diffusion, respectively.
J. Appl. Phys., Vol. 80, No. 4, 15 August 1996
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prove the signal-to-noise ratio. For better clarity, we added
trace of the intensity of the reflected probe beam@Fig. 9~a!#
clearly visualizing the narrow conducting strip B and th
broad conducting strips A and E. On the conducting strips
and E approximately constant amplitudes were measured
cording to the homogeneous direct heating. The amplitu
decreases toward the edges of the strip where, in contras
the center of the conducting strip there is both vertical a
lateral heat flow. The decay of the thermal wave excited in
is obvious in region A, while the amplitude of the wave from
E is too small to be detected in this plot. In contrast, th
phase plot of Fig. 9~c! shows a decrease on the left and o
the right-hand half of the conducting strip A, due to therm
waves propagating from B and D, respectively. On the co
ducting strips B and E a constant phase was measured sin
these parts of the platinum layer are directly heated.

We now compare the amplitudesaB andaE in the center
of the conducting strips B and E at frequencies in the ran
0.3–30 kHz to correlate the amplitude to the dimensional
of heat flow from the strips. For this purpose in Fig. 10 w
plottedaE/aB as a function of the frequency. Table I display
frequency-dependent thermal lengths calculated on the b
of Al2O3 parameters published by the manufacturer. As t
thermal length for ac frequencies greater than 30 kHz
smaller than the width of the conducting strips~wB520mm,
wE580mm! heat flow from both strips can be assumed to b
fairly one-dimensional. As a consequence, due to Eq.~3! the
ratio aE/aB is expected to be equal to the inverse rat
squared of the strip width~wB/wE!

251/16 in this high-
frequency range. This behavior can clearly be seen in F
10. With decreasing frequency the thermal length becom
larger than the width of the conducting strip B. This caus

TABLE I. Thermal lengths in the Al2O3 substrate.

Alternating current
frequency~kHz! Thermal length~mm!

0.03 220
0.1 123
0.3 71
1 39
3 22
10 12
30 7
100 4

ude
n in

s E

FIG. 11. Plot of the squared slopex of the phase of the cylindrical thermal
wave originating from the conducting strip B.
2017Voigt, Hartmann, and Reichling
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the thermal wave starting at B to develop a cylindrical sha
while heat flow from E is still one dimensional. Thus, B
cooled more efficiently at low frequencies explaining the
crease in the ratioaE/aB toward low frequencies. At 0.1 kHz
the thermal length~123mm! is greater thanwB andwE, so
that the thermal waves originating from B and E have cyl
drical shapes. As a result, at this frequency Eq.~4! predicts
the amplitude ratioaE/aB to equalwB/wE which is experi-
mentally confirmed in Fig. 10. At the smallest frequen
measured~0.03 kHz! the thermal length~220 mm! is large
compared to the length of the conducting strip B, which a
as a thermal point source. The resulting spherical wave c
B more efficiently, what explains the further rise ofaE/aB
toward lower frequencies. If both conducting strips were
infinite length the conducting strip B would not act as a po
source compared to the thermal length. As a res
wB/wE51/4 would be the low-frequency limit ofaE/aB .

Following the procedure described in Sec. III we ha
analyzed heat transfer into the Al2O3 substrate. For that pur
pose we obtained the slopex of the phase of the cylindrica
thermal wave starting at B from the fit line drawn in Fig.
We did so for frequencies of 0.2, 0.5, 2, 3, and 10 kH
Although at frequencies above 3 kHz the wave originat
from B is one dimensional in the near field as discussed
the preceeding subsection, it has a cylindrical shape in the
field. Therefore, the high-frequency case 3 kHz does
have to be treated separately, evaluating the phase profi
the far-field region conducting strip A. We assume heat fl
to take place entirely in the substrate, neglecting heat di
sion in the platinum coating and the thermal resistance
tween coating and substrate. This probably introduce
small systematic error. Figure 11 is the plot ofx2 as a func-
tion of frequency. From the slope of the fit line we obtain
diffusivity of ~0.1060.03! cm2/s. This value is in agreemen
with the values published by the manufacturer~D50.074–
0.098 cm2/s! for the temperature range 25–500 °C and co
firms our hypothesis that the decrease in phase is accur
described by Eq.~6!.

V. CONCLUSIONS

In this work we demonstrated a technique to image e
tric current densities in conducting microstructures. T
method is based on thermoreflectance detection of temp
ture oscillations due to modulated Joule heating. We visu
ized the path of the electric current in strips of 20–80mm
width clearly displaying hot spots and even thermally da
aged regions that produced a signal contrast in both am
tude and phase images. Measurements at various freque
confirmed that resolution of hot spots is best at frequen
above 10 kHz, while diffusion and thermal waves can bes
2018 J. Appl. Phys., Vol. 80, No. 4, 15 August 1996
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studied at lower frequencies. We imaged thermal waves
plane, cylindrical, and spherical shape and correlated the
mensionality of the waves to both conducting strip geome
and thermal length. A comparison of amplitudes on condu
ing strips confirmed that the ratio of thermal length to th
extent of the heating surface area is crucial to the dimensi
ality of heat diffusion. The innovative aspect of this metho
to measure thermal diffusivity is the generation of a cylin
drical wave with an electrically heated conducting strip. W
measured the substrate diffusivity by a simple analysis of t
phase profile on a micrometer scale and thereby confirm
the validity of the simple equation describing cylindrica
wave propagation.
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