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In this paper we present an experimental and theoretical study of the thermoreflectance response as
a function of the probe wavelength for layered microelectronics structures. The investigated sample
consists of a polycrystalline silicon conducting track grown on a SiO2-coated Si substrate.
Thermoreflectance measurements were carried out in the wavelength range from 450 to 750 nm
with the track biased in modulated regime. An oscillating pattern is observed in the spectral region
where the upper layer is transparent. Such oscillations are due to the interference resulting from the
multiple reflections at the interfaces. Using a thermo-optical model, we show that the optical
constants �n and k� of the materials, which are wavelength dependent, as well as their temperature
derivatives �dn /dT and dk /dT�, strongly influence the thermoreflectance signal. The optical
thicknesses of the layers, mainly determined by the real part of the refractive indices, define the
period of oscillation. On the other hand, the imaginary part of the refractive indices establishes the
cutoff wavelength of the oscillations. Below this cutoff wavelength, the probe light does not
penetrate the material and the upper-surface reflectance dominates the signal. © 2005 American
Institute of Physics. �DOI: 10.1063/1.2043231�
I. INTRODUCTION

Thermoreflectance microscopy has been used during the
last decade as a suitable technique for the investigation of
micro- and opto-electronic devices in operating cycle.1–16 It
allows the determination of both heat source distribution and
heat propagation properties within specific regions of mi-
crometer devices. The technique is also useful for detecting
and imaging defects. Besides the temperature field, it is also
sensitive to local electric field,1 as well as to free-carrier
density, which are in their turn disturbed by defects. The
noncontact and nondestructive character of the technique is
one of its main advantages. It enables aging tests, which are
a necessary step in the development of electronic devices, as
well as progressive and repetitive treatments such as the ap-
plication of voltage pulses intended to simulate electrostatic
discharge damaging.2

The technique has been applied in the investigation of
operating telecommunication diode lasers,3–6 transistors,7–9

interconnects,10,11 and solar cells.12 Sensitivity and spatial
resolution ensures the capability of the technique to sense
temperature profile variation due to both structural differ-
ences and local surface/subsurface defects at micrometer
and, in some cases, even at submicrometer scales. In some
applications, however, the sensitivity drops down due to the
material’s optothermal properties. In this case, the choice of
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appropriate experimental conditions, such as specific probe
wavelength, is crucial to preserve the signal-to-noise ratio
and guarantee reliable measurements.

In this paper we present a systematic study of the depen-
dence of the thermoreflectance response with the probe
wavelength for a layered structure consisting of a conducting
track made on a Si substrate. The conducting track and sub-
strate are isolated by a silicon oxide layer. Thermoreflectance
measurements were carried out in the wavelength range from
450 to 750 nm with the polycrystalline silicon track biased
in the modulated regime �ac voltage applied to the track
pads�. Using a thermo-optical model, we show that the opti-
cal constants �n and k� of the materials, which are wave-
length dependent, as well as their temperature derivatives
�dn /dT and dk /dT�, strongly influence the thermoreflectance
signal �see Ref. 17 for thermal and wavelength modulation
spectroscopies�. An oscillating pattern is observed in the
spectral region where the upper layer is transparent. Such
oscillations are due to the interference resulting from the
multiple reflections at the interfaces. The optical thicknesses
of the layers determine the period of oscillation.

A remarkable aspect of these oscillations is the fact that,
when scanning the sample surface, one can pass from a situ-
ation where the reflectance increases to another where the
reflectance decreases with temperature, depending on the
thicknesses of the layers and on the materials of each region.
The signal phase is then shifted by 180° from one case to
another, and therefore a superb contrast between a selected

part of the structure and its neighborhood can be achieved.

© 2005 American Institute of Physics8-1
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II. EXPERIMENT

We used two experimental setups, namely, the visible
charge-coupled device �CCD� camera setup,14–16 which uses
a lamp to produce the probe light and stores the whole ther-
mal image in a snapshot, and the focused laser setup,8 which
uses several laser lines as probe and stores the thermal image
by scanning the sample surface. The two experimental setups
are depicted in the block diagram of Fig. 1.

In the CCD technique, the sample is continuously illu-
minated by a white light that passes through an interference
filter �linear variable filter�, which allows specific wave-
length tuning in the visible region �the range used in this
work, with this setup, was 500–800 nm�. A function genera-
tor supplies a modulated voltage to the sample at a fixed
frequency f and a second generator provides a signal to the
camera, synchronized with the former, at four times the fixed
frequency �4f�. The CCD camera acquires a series of four
different images, each one integrated over one-fourth of the
period of the heating modulation. In this way, through simple
math one obtains the amplitude and phase of the thermore-
flectance signal.18 To improve the signal-to-noise ratio, accu-
mulation of these images is done. The CCD image is com-
posed of 1024�1024 pixels. Each pixel corresponds to 88
�88 nm when using a 100� objective, so the whole image
in this case is 90�90 �m. The modulation frequency is lim-
ited in this arrangement to 7.5 Hz �which is the frequency
used in the measurements presented below�, since the maxi-
mum CCD frame rate is 30 Hz.

In the focused laser setup, a probe-laser beam is focused
on the sample surface. The spot diameter is about 1.0 �m
�50� objective with numerical aperture �NA�=0.75�. The
beam is reflected back by the surface of the sample and de-
viated to a Si photodiode �monodetector� by using a � /4
plate combined with a polarizing beam splitter cube. The
output signal from the Si detector is lock-in analyzed �refer-
ence in-phase with the generator driving voltage�. The
sample is mounted on an x-y translation stage of step size of
0.1 �m in order to scan the probe beam on its surface. The

+

FIG. 1. Block diagram of the combined arrangement: focused laser and
CCD camera setups.
probe-laser wavelengths used in this work are those of Ar
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laser lines �457.9, 476.5, 488.0, 496.5, 501.7, and 514.5 nm�
and 670 nm coming from a diode laser. The modulation fre-
quency in this arrangement can vary from 1.0 kHz to a few
megahertz. The results presented below were obtained at
100 kHz.

The modulated voltage applied to the sample has the
form V�t�= �V0 /2��1+sin�2�ft��, with V0=5.0 V in all the
measurements. The reflected probe beam, in both arrange-
ments, is intensity modulated at frequency f , since the
sample�s reflectance �R� is a function of temperature T,
which is modulated as well due to the current flow and volt-
age modulations. For the particular waveform of the applied
voltage above, there is joule dissipation at the frequency f
and at 2f as well. Only the f component was captured by the
lock-in. The ac output signal from the CCD �or from the Si
detector� is normalized by its dc component, giving the ex-
perimental values of �R /R:

�R

R
=

Sac

Sdc
=

1

R

�R

�T
�T . �1�

Photogenerated carriers can also contribute to the reflec-
tance change. In our case, the probe beam does penetrate the
polycrystalline silicon layer, eventually reaching the Si sub-
strate, being then completely absorbed. Photocarriers in the
substrate do not oscillate at frequency f , since the probe
beam is not modulated. On the other hand, photocarriers cre-
ated within the polycrystalline silicon layer are driven by the
applied voltage and may contribute to the signal.7 Such a
contribution is, however, negligible in our case, since the
signal amplitude follows a quadratic dependence on V0 �not
shown�, which ensures that the main mechanism of signal
generation is the joule effect.

In the case of the focused laser setup, the probe beam
intensity at the detector is of the order of 10−4–10−5 W,
which gives a signal-to-noise ratio of roughly 106/�Hz, high
enough to comfortably detect the features of the thermore-
flectance signal in microelectronics structures. Typical re-
sponses of biased devices are in the range of 10−3–10−5 in
�R /R.13 However, in the case of the CCD camera, the
signal-to-noise ratio is at least two orders of magnitude
smaller for a single acquisition. In this case, the accumula-
tion of images is necessary. Usually a few hundred images
are enough to reach a comfortable signal-to-noise ratio.

The main advantages of the CCD technique are the
faster data acquisition �13 s for 400 images at 30 Hz� and the
easy tuning ability obtained by using the linear variable in-
terference filter. On the other hand, the focused laser tech-
nique has the capability of performing measurements in high
modulation frequencies using simple homodyne detection
and presents higher sensitivity.

Besides thermoreflectance measurements ��R /R�, we
also performed measurements of the reflectance R as a func-
tion of the wavelength in the range of 500–800 nm using a
spectrophotometer coupled to the eyepiece of the micro-
scope. In this case the sample was illuminated with white
light and the reflected beam was dispersed by the spectro-
photometer. The measurement of the sample reflectance
served as support for the modeling of the thermoreflectance

problem, as presented below.
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Several samples with distinct conducting tracks �geom-
etry, thickness, material� were investigated. The results de-
scribed below were obtained on a polycrystalline silicon
track grown on a crystalline n-Si substrate. The track is
1.6 �m thick, 25 �m wide, and 200 �m long, and it is iso-
lated from the substrate by a 0.5-�m SiO2 layer. The poly-
crystalline silicon layer is made of phosphorous-doped
�1020 atoms/cm3� silicon. Figure 2 shows a photomicrograph
of the track �Fig. 2�a�, lateral contacts are made of Al�, the
schematics of the cross section of the sample �Fig. 2�b��, and
the measurement of the height and width of the track per-

FIG. 2. �a� Photomicrograph of the conducting track, �b� schematics of the
cross section of the sample, and �c� profile of the track showing its height
and width.
formed with a profilometer �Fig. 2�c��.
ticle is copyrighted as indicated in the article. Reuse of AIP content is subje
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III. RESULTS

Figure 3 shows the reflectance R as a function of the
wavelength �open circles�, measured on the substrate coated
with the SiO2 layer, i.e., far from the conducting track. The
interference pattern observed is caused by the combination
of the reflected rays at the air/SiO2 and SiO2/Si substrate
interfaces. The lines �dashed, solid, and dotted� represent the
calculated reflectance for distinct values of the SiO2 thick-
ness. Detailed discussion is found in Sec. IV.

Figure 4�a� presents the same measurement obtained on
the polycrystalline silicon track �open circles�. It can be seen
that, besides the low spatial frequency pattern observed in
Fig. 3 �envelope�, there is also a higher spatial frequency
pattern that is related to the additional polycrystalline silicon
layer, as will be discussed in Sec. IV. It is also observed that
the high-frequency oscillation almost disappears for smaller
wavelengths. The reason is that the polycrystalline silicon
becomes absorbing at short wavelengths, thus extinguishing
the multiple reflections at the inner interfaces �polycrystal-
line silicon/SiO2 and SiO2/Si substrate�.

A whole optical image, obtained through the reflectance
of the sample under illumination with �=650 nm, using the
CCD camera setup, is presented in Fig. 5�a�. In this image
one can see a zoom of Fig. 2�a�, with the difference that here
the illumination is done with monochromatic light. There-
fore, the bright/dark levels of Fig. 5�a� represent the reflec-
tance of the distinct regions of the sample at 650 nm. One
can observe the high reflectance of the Al contact at the left
side, the middle level reflectance of the conducting track, and
the lower reflectance level of the SiO2-covered substrate. A
thermoreflectance image ��R /R�, obtained using 650 nm as
probe wavelength, is shown in Fig. 5�b�. In this image one
can clearly see the heated polycrystalline silicon track
�bright�. It must be noticed that the Al contact presents a very
low level of thermoreflectance signal amplitude �dark�,
which results from the lower temperature changes, due to the
higher thermal and electrical conductivities of Al, besides the
larger width of the contact. Nevertheless, the temperature
coefficient of the reflectance also influences the contrast be-
tween the Al contact and the polycrystalline silicon track.

FIG. 3. Reflectance as a function of the wavelength measured on the sub-
strate coated with the SiO2 layer �open circles� and calculated reflectance for
three values of the SiO2 thickness �d3�.
The observed differences in brightness between the upper
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and the lower parts of the Al pad must be caused by the
nonuniformity of the pad thickness �slanted surface�. Care
was taken of the sample alignment. A Mirau lens was used to
ensure that the substrate surface was actually perpendicular
to the incident probe light beam.

Figure 6 presents the thermoreflectance signal, �R /R, on
the center of the polycrystalline silicon track �averaged over
a 1.0-�m-diameter spot�, for several wavelengths, namely,

FIG. 4. �a� Reflectance as a function of the wavelength measured on the
polycrystalline silicon track �open circles�, calculated reflectance of the
whole structure including the conducting track �1600-nm thick, dashed-
dotted curve�, and calculated average reflectance �20% track-80% coated
substrate, solid line�. The dashed curve represents the calculated reflectance
for the coated substrate �same as in Fig. 3 for d3=530 nm�, �b� calculated
reflectance of the whole structure �solid line�, and corrected experimental
points resulting in the reflectance coming exclusively from the track �20%
track-80% coated substrate, open circles�.

FIG. 5. �a� Optical image of the conducting track obtained through the
reflectance of the sample under illumination with 650 nm, obtained using
the CCD camera setup; �b� CCD camera thermoreflectance image ��R /R�
obtained using 650 nm as probe wavelength. Dark means zero and bright
means maximum signal amplitude ��R /R=2.4�10−2�. Scanned area is 70

2
�70 �m .

ticle is copyrighted as indicated in the article. Reuse of AIP content is subje
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all the laser lines listed above �focused laser setup, open
circles� and at 596, 604, 615, 626, 639, 650, 665, 676, 705,
and 725 nm �CCD camera setup, closed circles�. Negative
and positive values of �R /R are used to represent in-phase
and 180° out-of-phase thermoreflectance signal. The choice
of the wavelengths in the CCD camera setup was made using
the derivative of the reflectance of the conducting track with
respect to the wavelength. Around the maximum of the de-
rivative �absolute value� it is expected that the thermoreflec-
tance is also a maximum, since one of the effects of increas-
ing temperature is to change the optical path inside each
layer, thus shifting the interference pattern. Furthermore, the
optical spectra of the materials usually present a redshift with
increasing temperature, besides the broadening of their
bands.17 The numerical derivative of the measured reflec-
tance of the conducting track �open circles in Fig. 4�a�� is
plotted in Fig. 6 �solid line� to evidence its maximum-value
wavelengths, at which the thermoreflectance measurements
were performed.

From �R /R measurements of Fig. 6 one can see that the
thermoreflectance response is significantly enhanced above
600 nm and a net oscillating pattern is observed at higher
wavelengths. This oscillating pattern is closely connected to
the interference oscillations observed in the reflectance spec-
trum as we will see in the theoretical model below.

IV. THEORETICAL MODEL AND DISCUSSION

The theoretical model we developed to analyze the ther-
moreflectance response is based on the thermal modulation
of the reflectance that results from the multiple reflections of
the probe beam in the layered structure. This modulation
comes from the temperature dependence of the refractive in-
dices of the materials, as well as from the thickness variation
due to thermal expansion. In all the calculations, the tem-
perature variation was considered uniform throughout all the
interfaces, i.e., temperature gradient was neglected. Let us
remind that the heat source is located within the polycrystal-
line silicon track. Beneath the track, the oscillating tempera-
ture amplitude decreases roughly with the factor e−d/�, where
d is the distance from the track �heat source� and � is the
thermal diffusion length.11 The values for � using literature

11

FIG. 6. Experimental values of �R /R for several probe wavelengths
�circles�, and minus the derivative of the experimental reflectance of the
conducting track �raw data� with respect to the wavelength.
data are �Si�100 kHz�=16 �m and �SiO2
�100 kHz�
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=1.6 �m, which are large enough when compared to the
layer thicknesses, thus ensuring the pertinence of the uniform
temperature assumption.

Therefore, a first attempt was to describe the reflectance
behavior as a function of the wavelength for both the
SiO2-coated substrate and for the whole structure �two layers
on the substrate�. Indeed, the model consisted of four media:
medium 1: air; medium 2: polycrystalline silicon layer; me-
dium 3: SiO2 layer; and medium 4: Si substrate. For simplic-
ity the refractive index of air was fixed �n1=1 for the whole
wavelength range� and considered temperature independent.
The refractive indices �n and k� for silicon �polycrystalline
track and crystalline substrate�, and �n� for the silicon oxide
layer, were taken from Refs. 19 and 20, 22, and 23, for each
wavelength in the 500–800-nm range �interpolated values�.
Values of n ranged from 4.2 to 3.7 for polycrystalline silicon,
while k values ranged from 0.13 to 0.006 when going from
500 to 800 nm. For crystalline silicon, n varies from 4.3 to
3.7 over the same wavelength range, while k goes from 0.023
to 0.006. The values of n for SiO2 decrease from 1.462 to
1.453, following the Cauchy equation. 24 See Table I for a
summary of the input data for calculations.

The reflectance of the four-media system was calculated
considering the multiple reflections of a beam under normal
incidence. The reflectance R is given by

R = r̂*r̂ , �2�

where r̂ is the reflection Fresnel coefficient given by the ratio
between the reflected �E1s� � and the incident �E1s� electric-
field amplitudes �we assumed normal incidence, so s and p
polarizations are equivalent; actually, circularly polarized la-
ser light and nonpolarized white light were used�:

r̂ =
E1s�

E1s
. �3�

Incident, reflected, and transmitted �E4s� electric fields
are related by the matrix equation below:24

�E1s

E1s�
� = C1C2C3�E4s

0
� , �4�

TABLE I. Optical constants and their temperature derivatives at 500 and
800 nm, and the thermal-expansion coefficient for crystalline silicon, poly-
crystalline silicon, and silicon oxide.

Material n k
dn /dT

�10−4 K−1�
dk /dT

�10−4 K−1�
�T

�10−6 K−1�

Si at 500 nm 4.3a,b 0.023 2.9a–c 2.2
Si at 800 nm 3.7 0.006 0.61 0.61
Poly-Si at 500 nm 4.2d 0.13 2.6e

Poly-Si at 800 nm 3.7 0.006
SiO2 at 500 nm 1.462f 0.13g 0.55h

SiO2 at 800 nm 1.453

aReference 19.
bReference 20.
cReference 21.
dReference 22.

eReference 26.
fReference 23.
gReference 25.
hReference 27.
where
ticle is copyrighted as indicated in the article. Reuse of AIP content is subje
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Ci =
1

t̂i,i+1
� e−i�̂i/2 r̂i,i+1e−i�̂i/2

r̂i,i+1ei�̂i/2 ei�̂i/2
� �5�

and r̂i,i+1 and t̂i,i+1 are the reflection and transmission Fresnel
coefficients at the interface between media i and �i+1� for s

polarization,24 while �̂i=4�n̂idi /� is the complex phase shift

introduced by layer i, with �̂1=1. Here, n̂i= �ni+ iki� is the
complex refractive index of medium i ,di is the thickness of
layer i, and � is the wavelength of the incident beam in air
�vacuum�.

As mentioned above, Fig. 3 presents the calculated re-
flectance for the Si substrate coated with a SiO2 layer. The
nominal thickness of the silicon oxide layer is 0.5 �m, and
the calculation made for three values of the thickness d3

�525, 530, and 535 nm� is shown in Fig. 3. One can see that
the value of 530 nm best fits the experimental data. It must
be noticed that both measured and calculated data are raw, no
adjusting factors were employed. The agreement between ex-
periment and calculation is quite satisfactory.

In the same way, the reflectance of the whole structure,
including the polycrystalline silicon conducting track
�1600 nm thick�, was calculated and is plotted in Fig. 4�a�
�dashed-dotted curve�. The high spatial frequency previously
observed in the experimental data obtained on the conduct-
ing track is clearly present in the calculated curve. The cor-
rect number of peaks and their positions are determined by
the thickness of the polycrystalline silicon layer. Indeed, the
best agreement with experiment is achieved for d2

=1600 nm. It is also remarked that the amplitude of the os-
cillations decreases at small wavelengths, and it is enveloped
by the reflectance of the coated substrate, as expected. The
disagreement with the measurement arises from the fact that
the measured reflectance results from an average of the re-
flections that occur on the conducting track and on the sur-
rounding substrate �coated with SiO2�. This comes out be-
cause the collecting optics of the spectrophotometer inspects
a region that is larger than the track area. Therefore, in order
to compare with the experiment, the calculated reflectance
also must be averaged in the same way. An estimated pro-
portion between track and substrate areas under inspection
by the spectrophotometer is 20%–80%. Doing such averag-
ing one obtains the solid line of Fig. 4�a�, which qualitatively
agrees quite well with experiment. The quantitative agree-
ment is also reasonable considering other nonideal aspects
such as track edge, nonuniformity of layer thickness, litera-
ture values used for the optical constants, non-normal inci-
dence of the probe light beam, etc.

Once the reflectance modeling was accomplished, the
next step is to add the effect of temperature modulation. This
must be done exclusively on the conducting track, i.e., with-
out considering the disturbance coming from the surround-
ings, as discussed above, since the thermoreflectance data
were collected only on the center of the track. Let us remem-
ber that the CCD camera, as well as the focused laser optics,
has submicrometric resolution, allowing picking the ther-
moreflectance signal in a small region at the center of track.
Therefore, the reflectance curve that must be modulated by

temperature in further calculations is the one represented in
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Fig. 4�a� by the dashed-dotted line. This curve is plotted
again in Fig. 4�b� with the experimental points properly cor-
rected. This correction is in fact the reverse operation per-
formed with the theoretical data of Fig. 4�a�, i.e., the sub-
strate contribution to the experimental data was taken off.
So, experimental and theoretical plots of Fig. 4�b� represent
the reflectance of the four-media structure.

From Eq. �1� one can see that the dependence of �R /R
with the wavelength comes from the temperature coefficient
of the reflectance, �1/R���R /�T�. In order to compute this
coefficient, the reflectance was calculated at ambient tem-
perature T as presented above, and then recalculated at the
temperature �T+�T�. The ratio ��R /�T� equals the deriva-
tive ��R /�T� in the limit of small values of �T:

�R

�T
=

�R

�T
=

R�T + �T� − R�T�
�T

. �6�

The reflectance R�T+�T� was calculated using values of
n̂i�T+�T� and di�T+�T� given by

n̂i�T + �T� = n̂i�T� +
�n̂i

�T
�T , �7�

di�T + �T� = di�T��1 + �Ti�T� . �8�

In the above equations ��n̂i /�T�= ��ni /�T+ i�ki /�T� is
the complex temperature coefficient of the refractive index
and �Ti is the thermal expansion coefficient of material i. The
values of ��n /�T� and ��k /�T� for crystalline silicon were
taken from Refs. 13 and 19–21. The same values were used
for polycrystalline silicon. They ranged from ��n /�T�=2.9
�10−4 K−1 and ��k /�T�=2.2�10−4 K−1 at 500 nm to
��n /�T����k /�T�=6.1�10−5 K−1 at 800 nm. For silicon
oxide, ��n /�T� is almost constant in the wavelength range
and equal to 1.3�10−5 K−1.25 The values of the thermal ex-
pansion coefficients of polycrystalline silicon and silicon ox-
ide used were 2.6�10−6 K−1 �Ref. 26� and 5.5�10−7 K−1,27

respectively �see Table I�. Indeed, the calculation was ex-
panded down to 450 nm to cover the measurements done
using the laser lines.

Figure 7�a� shows the calculated curve of �R /�T. As in
the case of the thermoreflectance measurements, it presents
the oscillating pattern that is attenuated at small wavelengths.
Figure 7�b� displays the coefficient �1/R���R /�T� with the
experimental data for the thermoreflectance �R /R, properly
normalized to best fit the calculated curve. Notice that �R /R
and �1/R���R /�T� are connected by the temperature varia-
tion �T �see Eq. �1��, so �T value was adjusted to find the
best agreement between theory and experiment.

As one can see, theory and experiment present a very
good accord, despite the simplifications in the model �normal
incidence, uniform temperature� and inherent errors in the
employed parameters �refractive indices and their tempera-
ture derivatives, thickness, thermal-expansion coefficients�.
The calculated curve shows, however, that the maxima of the
thermoreflectance signal do not coincide with the maxima of
�dR /d��, as guessed during measurements �see Fig. 6�. In
fact, the calculated maxima are slightly shifted to longer

wavelengths, so the measured points do not fall precisely on
ticle is copyrighted as indicated in the article. Reuse of AIP content is subje
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the peaks of the calculated curve. In other words, the choice
of the probe wavelengths could be done in such a way that
would result in even more enhanced responses.

For the sake of comparison, the theoretical calculation of
�−1/R��dR /d�� is plotted in Fig. 8 with the curve for
�1/R���R /�T�, where one can see the cited wavelength
shift. The connection between ��R /�T� and �dR /d�� arises
from the fact that augmenting the temperature results in an
increase of the optical path �nidi� within the polycrystalline
silicon and silicon oxide layers. Since the interference peaks
are determined by the ratio of �nidi /��, it is easy to see that
an augmentation of the optical path has an effect similar to
that of a decrease in the wavelength �. Consequently, there is

FIG. 7. �a� Calculated values of �R /�T as a function of the wavelength; �b�
calculated coefficient �1/R���R /�T� �solid line� and experimental data for
the thermoreflectance �R /R �circles�, properly normalized to best fit the
calculated curve.

FIG. 8. Theoretical calculation of �−1/R��dR /d�� �dashed line� and �1/R�

���R /�T� �solid line�, as functions of the wavelength.
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an analogous behavior of ��R /�T� and �−dR /d��, although
slight differences come out from the distinct dependences of

the phase shift, �̂, on nidi and on �, as well as from the fact
that the refractive indices themselves influence the reflec-
tance through the Fresnel coefficients r̂ and t̂.

Finally, one can say that the thermoreflectance signal in
microelectronics structures and devices is strongly dependent
on the probe wavelength, especially when the upper layers
are transparent to the probe light. Optical interference, which
is thermally modulated, plays a decisive role in the thermore-
flectance response. The appropriate choice of the probe
wavelength may strongly enhance the sensitivity of the tech-
nique. In the present case, the polycrystalline silicon layer
defined the interference pattern, i.e., the spatial frequency
was established by the track optical thickness, and the stron-
ger optical absorption of this material at smaller wavelengths
imposed the attenuation in the oscillating pattern and the loss
of sensitivity in this wavelength range, as observed in the
experiments.

V. CONCLUSIONS

In this paper we presented both experimental results and
theoretical calculations of the dependence of the thermore-
flectance response with the probe wavelength for a layered
microelectronics structure. Experiments were carried out us-
ing two distinct arrangements, namely, the CCD camera and
the focused laser setups, covering the spectral range from
roughly 450 to 750 nm. Using a thermo-optical model, we
showed that the optical constants of the materials, which are
wavelength dependent, as well as their temperature deriva-
tives �dn /dT and dk /dT�, strongly influence the thermore-
flectance signal. An oscillating pattern is observed in the
spectral region where the upper layer is transparent. Such
oscillations are due to the interference resulting from the
multiple reflections at the interfaces. The optical thicknesses
of the layers, mainly determined by the real part of the re-
fractive indices, define the period of oscillation. On the other
hand, the imaginary part of the refractive indices establishes
the cutoff wavelength of the oscillations. Below this cutoff
wavelength, the probe light does not penetrate the material

and the upper surface reflectance dominates the signal.
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