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ABSTRACT

We have studied temperature variations on two dissipative
structures with two different techniques. The dissipative
structures are constituted of thin (0.35um) dissipative
resistors, the distance between two resistors being equal to
0.8 or 10 um. On one hand, we have used a
thermoreflectance imaging technique which is a well-
known non contact optical method to evaluate temperature
variations but whose spatial resolution is limited by
diffraction. On the other hand, we have used a Scanning
Thermal Microscope (SThM) to study the thermal
behaviour of these small dissipative structures. We
compare qualitative results obtained by both methods and
we present their advantages and limitations for
temperature measurements on microelectronic devices.

1. INTRODUCTION

As integration density of microelectronic circuits goes
increasing, there is a need for methods able to measure
local temperature variations at submicronic scales.

As a consequence, well-known methods such as
infrared imaging [1], liquid crystals or thermocouple
measurements [2] are not adapted to this kind of samples
as they offer a bad spatial resolution (5 to 10 pm
minimum) regarding the device dimensions. Moreover, a
thermocouple implies a contact with the sample that can
damage it or disrupt its functioning.

Among the optical methods for submicronic thermal
mapping, thermoreflectance[3-5] is a useful non contact
and non invasive method which presents a good spatial
resolution as limited by diffraction to the order of
magnitude of the illuminating wavelength.

Nevertheless, when studying structures as thin as a
few hundreds nanometers, Scanning Thermal Microscope
(STHM) seems the only technique able to reach
temperature variation measurements at this scale.

In this paper, we have used the last two methods to
qualitatively study the temperature variations on the same
samples and we propose to compare their performances.
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2. SAMPLE UNDER TEST

We have studied two kinds of structures constituted by a
series of 9 parallel strips resistors which serve themselves
as a heat source. Indeed, supplying them with a current,
they are submitted to a variation of temperature. The
width of each resistor is 0.35 um. They are covered by a
passivation layer made of silicon oxide. The difference
between both structures is the spacing between the
resistors. In the first one (figure 1), the distance between
two consecutive resistors is 10 um whereas it is only 0.8
pum in the second one (figure 2). These structures are part
of a whole test device designed for the evaluation of
various temperature measurement techniques; the first one
is named C5 while the second one is named C3. The die
was implemented using 0.35um CMOS technology.

Figure 1: Sample 1 (C5) constituted of nine 0.35 um thin
resistors (distance between 2 resistors: 10pm)

Figure 2: Sample 2 (C3) constituted of nine 0.35 um thin
resistors (distance between 2 resistors: 0.8um)
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3. THERMOREFLECTANCE MEASUREMENTS

Reflected light coming from the surface of a sample
carries information about the thermomechanical behavior
of the device under test via parameters such as amplitude,
phase, polarization etc... of light. Thermoreflectance is a
useful non contact technique to measure temperature
variations of a device submitted to a current.

Indeed, when an electrical current supplies an
electronic device, the latter is submitted to a temperature
variation AT, which creates a reflectivity variation AR at
the device surface:

AR QR o 0
R ROT

where R is the sample mean reflectivity and « is the
thermoreflectance coefficient depending on the nature of
the material, on the passivation layer thickness[6], on the
light wavelength[7-8]... The reflectivity variation implies
an intensity variation of the light reflected to the
photodetector (CCD camera, photodiode). Thus,
measuring the relative variation of photocurrent AI/I of
the detector, we can deduce the relative variation of
reflectivity AR/R and then the temperature variation AT
of the sample if k is known. Unfortunately, the value of
is often only known for a few bulk materials at a precise
wavelength under specific experimental conditions.
Besides, in microelectronic devices, the structure, in
particular the passivation layer thickness, has a great
influence on this coefficient value and we cannot use the
bulk material value. As a consequence, every studied
sample and every experimental set-up need a new
calibration. Once the value of this coefficient is
determined, you can obtain absolute temperature
variations.

The set-up is presented in figure 3. The luminous
source is LED whose intensity can be modulated. The
lenses (L;) and (L,) enable to adapt the size of the
luminous beam to the size of the object under study. As
we use a polarizing beam splitter (PBS) and as the light
emitted by the LED is not polarized, a sheet polarizer (P;)
is used to polarize it and to adjust the light intensity to
send upon the device under test. After reflection on the
sample and crossing twice the quarter-wave plates (P,),
the polarisation has been exchanged. As a consequence,
the beam is being transmitted in the detection arm ended
by a CCD camera. In this arm, the lens (L;) enables to
image the sample onto the CCD detector. Its video
frequency is fixed and equal to 50Hz. The output signal
of the camera is analyzed by a computer to extract the
information. All elements L;, L,, P;, P, and PBS are
included in a microscope.
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Figure 3: Modulated thermoreflectance set-up

The sample is submitted to a sinusoidal current at
frequency f and the flux of the LED is also modulated.
Indeed, we use an heterodyne thermoreflectance imaging
system[9]. The heating, due to Joule effect, occurs at f;
(equal to 2f or f depending on the electrical excitation
waveform) and the LED flux is modulated at f,=
fi+12,5Hz. The phenomenon of interest, i.e. the heating
of the device initially at f;, can then be observed at the
blinking frequency f,-f;=12.5Hz which is easily analyzed
by the camera which works at SO0Hz. Therefore, during a
period of the signal of interest, we take 4 images and we
use a classical 4 images algorithm[10] to deduce the
relative reflectivity variation amplitude AR/R and phase
¢. Moreover, we accumulate several hundreds or
thousand images to improve the signal to noise ratio
which depends on the square root of the number of
accumulated images.

4. SCANNING THERMAL MICROSCOPY

Thus, scanning thermal microscopy is a promising method
that could enable to detect temperature variations on very
small structures at submicrometric scale, and in particular
here on each resistor individually. Indeed, a SThM can
measure the amplitude (and the phase) of the temperature
variations induced by the AC current along the electrically
excited sample. The SThM is a conventional atomic force
microscope (AFM) mounted with a specific probe. The
AFM system enables the control of the tip position and the
contact force with the sample (Figure 4). Monitoring is
performed with a feedback loop between the signal of
three x-y-z piezo-electrical ceramics carrying the tip
cantilever and four photodiodes tracking a laser beam
which is reflected on the mirror of the probe.
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Figure 4: STHM schematic view

This probe is constituted of a Wollaston wire shaped
into a tip and etched to uncover its core platinum (Pt). The
Pt wire is included in a Wheatstone bridge and used as a
thermistor, as the resistance of the wire depends on its
temperature. The SThM is used in an AC regime. As a
consequence, we use a lock-in scheme to measure the
amplitude (and the phase) of the first harmonic in the tip
voltage. From these measurements, we deduce the
amplitude (and the phase) of the temperature at the surface
of the sample. The bridge voltage is measured while
scanning the surface so that the Pt electrical resistance
could be estimated at each point of the sample surface. We
estimate the diameter of the tip to be of the order of 5 pm
and its contact radius of the order of 50 nm. Therefore,
spatial resolution better than the one reached with
thermoreflectance techniques can be expected[11].

We have already used this technique in AC
regime[12] and we have in particular measured
quantitative temperature variations on PN Bi,Te;
thermoelectric couples[13].

5. THERMOREFLECTANCE RESULTS

We have first used the set-up described in paragraph 3 on
the C5 device with ;=300 Hz and f,=312,5 Hz. The
current supplying the resistors is a few mA, the resistor of
C3 or C5 being equal to a few hundreds ohms. The lens
L, used is a x50 microscope objective and the LED is a
red one emitting at 660 nm. The image of reflectivity,
showing a zoom of the central part of CS5, is presented in
figure 5. Every image we present in this section is the
result of accumulation of 40000 images corresponding to
an acquisition time of about ten minutes. We clearly see
the reflectivity variation to be maximal on the heating
resistors (4 resistors in this image).
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Figure 5: Relative reflectivity variation amplitude on C5
device.

Then, we have used this set-up to measure
reflectivity variations on the C3 device in the same
experimental conditions. The AR/R amplitude image is
presented in figure 6. As expected, we can note a higher
variation of reflectivity in the heating zone but we do not
distinguish the different resistors. This clearly shows that
the spatial resolution is too limited.

The use of a LED is then all the more adapted as we
can easily find LEDs emitting at various wavelength. As
the spatial resolution is limited by diffraction and then
linked to the illumination wavelength, it seems logical to
use a blue LED (A=450nm). The other experimental
conditions being unchanged, the AR/R image is presented
in figure 7. And here we can individually distinguish the
9 thin resistors. Nevertheless, it is obvious that we reach
the resolution limit.

But we can use a x100 microscope objective to
improve the quality of the image. The result is presented
in figure 8 where the 9 resistors are more distinguishable.

AR/R (x107)
30

Figure 6: Relative reﬂéctivity variation amplitude on C3
device with red led.
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AR/R (x107)

Figure 8
device with blue led and x100 microscope objective.

So, these experiments show that thermoreflectance
can be a powerful technique to study the thermal
behaviour of highly integrated microelectronic devices.
In particular, the use of a LED as light source is very
interesting as we can easily change the illumination
wavelength to improve the spatial resolution. Indeed, if
working with a microscope objective under high
magnification conditions (x50 or 100) and with high
numerical aperture, we have obtained thermoreflectance
images of 0.35 pm structures.

There is still remaining the issue of calibration.
There are different materials constituting the device and
each needs a calibration of its thermoreflectance
coefficient. There exist various methods[2, 8, 14] but
none is universal and each method must be adapted to the
experimental configuration, the calibration sometimes
proving quite difficult. Moreover, the signal to noise ratio
is not very good and needs to be improved. One solution
is to accumulate more images. But then, it takes a lot of
time and point thermoreflectance measurements with a
photodiode and a lock-in amplifier becomes then a better
method. We are now working on another technique
combining point measurements with imaging techniques.
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6. STHM RESULTS

We have then used the set-up described in paragraph 4 to
study the structures C3 and C5. Here, the device is
supplied by a sinusoidal current and the heating occurs at
fi. A lock-in scheme measures the tip voltage amplitude
(and phase) at frequency f;. We can adjust the scan size,
the scan rate (speed of the tip) and the number of samples
by line. We choose the frequency f; so that the lock-in
time constant should be compatible with the tip scan rate.

We first studied C5 with f; equal to 1 kHz, the
current supplying C5 is a few mA, the scan size is
30umx30um, the scan rate 0.2 Hz and a line is
constituted of 256 samples. We clearly see (figure 9) 3
resistors heating. The amplitude is in arbitrary units. The
spacing between two resistors corresponds to the
expected 10 um. The thermal signal spread over about 1
pm on each resistor. The tip sweeps the device surface
hence the passivation layer and not directly the resistors.
So, the temperature signal due to the heating resistors is
“filtered” and then smoothed by the passivation layer.
The image consequently corresponds to a qualitative
surface temperature mapping and not of the active zone.

We have then supplied C3, all the parameters are the
same as for C5 apart for the scan size which is first
reduced to 15 umx15 um. We clearly detect (figure 10)
the heating zone constituted by the 9 resistors but we do
not see them individually.

Hence, we have once again reduced the scan size to 4
um and registered the signal on a section of the resistors
(figure 11). We detect 3 maxima perhaps corresponding
to 3 heating resistors but the signal to noise ratio is poor
and other experiments need to confirm these results. The
spacing between 2 maxima is a little more than Ipum
which is compatible with the 0.8 pm spacing given by the
constructor taking into account the result obtained on C5
showing that, under the same conditions, the thermal
signal spreads over about lpm on each resistor, thus
reaching the neighboring resistor on C3.

10 20 Hm
Figure 9: Qualitative SThM temperature image of the C5
device surface.
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; 0 o
Figure 10: Qualitative SThM temperature image of the
C3 device surface.

1 2 3 Hm
Figure 11: Qualitative SThM temperature on a section of
the C3 device surface.

The method presents several drawbacks. First of all,
if we want to measure microelectronic device
temperature, the passivation layer needs to be eliminated
to access the active zone or a model must be developed to
take it into account but it implies that the passivation
layer structure must be perfectly known for every point of
the sample.

Moreover, it is time consuming as the whole image
(figure 9 or 10 for instance) needs about 20 mn. If we
want to reduce it, it is necessary to increase the scan rate
and then to reduce the lock-in time constant hence to
increase f;. But then the thermal signal amplitude
decreases and the signal to noise ratio also decreases.
This decrease adds to the one due to the passivation layer.
Besides, because of the dimension of the Pt core hiding
the much smaller contact tip, it is not easy to precisely
localize the scanned area before seeing the resulting
image, in particular when the scan size is small.

Finally, the tip temperature is not the sample
temperature. We have developed [13] a model taking into
account the tip-sample heat transfer. We plan to use it to
deduce the sample surface temperature.
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7. CONCLUSION

We have evaluated two thermal measurement methods in
terms of spatial resolution and calibration issue. We have
used a very integrated microelectronic device and shown
that thermoreflectance can be efficient if using an
appropriate optical system. The spatial resolution can then
be very good but the main issue is the calibration and the
signal to noise ratio. We are now developing a method to
improve it while maintaining a small acquisition time; it
will constitute a compromise between point and imaging
techniques.

As for SThM, again, the passivation layer is an issue
as the tip measures the temperature on its surface and not
on the active zone itself. It is consequently not obvious to
measure the active zone temperature. Moreover,
submicrometric spatial resolution for thermal mode is not
clearly proved.
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