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Abstract - In this work, a fast photothermal radiometry with micrometric resolution is developed in
order to enable the in-plane thermal characterization. The use of an optical arrangement allows the
formation of the heating spot and measurement area at the same front sample surface. The heating spot
of 6.6 um in diameter is formed by focusing the laser; the measurement area of 12.5 pym in diameter
is an image of the detector over the sample surface. The sample mounted over a translation stage
permits its scanning with a micrometric precision. The use of modulated excitation allows exploring
in a frequency range from 200 Hz up to 100 kHz. This technique is used to perform the thermal
characterization of micro structured devices.

Nomenclature

A signal amplitude, a.u ¢  phase lag, rad, degres

M  emittance, W /m? pC,, volumetric heat capacity, J/m3K
P power, W e flux, W/ m?

R measured signal «  Hankel variable

S sensitivity function €  total hemispherical emissivity
T  temperature, K o Stephan-Boltzmann constant
W width, m w  angular frequency, rad

k  thermal conductivity, W/mK Index and exponent

r radius, m m  measurement

x, Yy, 2 coordinate system axes det infrared detector

Greek symbols oo semi infinite media

f#  temperature frequency domain, K

1. Introduction

The continuous effort to improve the energy efficiency drives the development of new mi-
crostructured materials with enhanced thermal properties for a wide range of applications, from
building thermal insulation [1, 2] to microelectronic application [3], where a key performance
parameter is thermal conductivity. Moreover, assessment of heat transfer at microscale per-
mits understanding behavior and design of different kinds of systems like microelectronic or
micro-electro-mechanical devices with effective properties of composite materials. Thus, mea-
surement of thermal properties of micro and nanostructured materials becomes an essential and
challenging task.

One distinguish two main classes of methods for thermal characterization at micro-nanoscale:
the contact and contactless methods. The main drawback of contact methods like SThM [4, 5],
is the presence of the additional unknown parameters relating to the contact itself and the sig-
nificant thermal inertia of the probes which limits its application to low frequency region. On
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the other hand, the contactless methods are carried out without interaction probe-sample, allow-
ing the study of faster dynamics. However, the contactless method are not suitable to achieve
absolute temperature measurements.

One of these methods is the modulated photothermal radiometry (MPTR) which has been
taken as the starting point for the development of a new scanning configuration setup. The
photothermal radiometry [6] is a contactless and thus non-intrusive measurement technique de-
signed for the thermal characterization of various types of materials and thin films. It is based
on monitoring the emitted infrared radiation from the surface of the sample resulting from a
photothermal periodic excitation provided by a laser. Along the years, the method has been
improved in experimental and theoretical aspects [7, 8], and now a configuration of scanning
photothermal radiometry at micrometric spatial resolution is presented in order to make it possi-
ble to study in-plane anisotropic thermal properties at frequencies above the limit of the infrared
cameras which frame rate is limited to around 30 kHz for high speed cameras in sub-frame ac-
quisition and several hundreds of Hz for most used cameras in full frame acquisition mode.
Additionally, in the lock-in configuration a lower study frequencies have to be imposed to allow
a good sampling [9-11].

2. Photothermal radiometry principle

Photothermal radiometry is based on monitoring the infrared radiation from the sample sur-
face consequently to a photothermal excitation provided by a modulated laser. Considering a
periodic heat flux ¢ = pgcos(wt) applied at the sample front face, the temperature increase of
the sample is composed of a continuous and a transient part as: AT'(t) = ATy+AT, cos(wt+9).
Assuming a weak enough disturbance, to produce a small temperature increase, the variation
of the emitted radiation can be linearized as: AM ~ 4ec AT3 AT, cos(wt + ¢). In this way it
is possible to monitor the sample surface temperature A7 by measuring the radiant emittance
AM, from the same excitation front face, with an infrared detector.

In a general manner, the signal recorded by the infrared detector, in frequency domain is:
R(jw) = A(w)e’*®). Where the amplitude, A(w), is proportional to the emittance and thus,
to the temperature variation AT,,. Absolute temperature measurement requires a calibration
process and knowing accurately the emissivity of the sample surface that comes to be a diffi-
cult task. Nevertheless, the phase-lag, ¢(w), is sensitive to the sample thermal properties, this
measurement is used as the explanatory variable within the parameter identification process.

3. Experimental Setup
3.1. Description of the setup

The experimental setup is presented in figure 1 with schematic representation on the right and
the real implementation on the left. In this arrangement the three bands of the light spectrum
are exploited: the visible spectrum (in green), the laser with wavelength, A = 1064 nm (in
yellow), and the emitted infrared radiation which maximum power is centered around A ~ 10
pum (in red). The use of a reverse Cassegrain microscope objective with reflectance > 96% over
240 nm—20 pum wavelength operation region makes it possible to focus the laser beam over the
sample surface and collect the emitted infrared radiation from the sample surface consequently
to the periodic photothermal excitation. It makes it also possible to obtain the visible image of
the sample surface.

Represented in yellow in figure 1, a continuous laser beam is sent through an acousto-optic
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Figure 1 : Schematic diagram of experimental setup (right). Real setup (left).

(A-O) modulator to generate the periodic heat flux. A waveform generator drives the frequency,
shape and amplitude of the A-O modulator. In order to avoid a possible phase lag due to
the waveform generator and the acousto-optic modulator driver, a fast InGaAs photodetector
is used as a reference for the measurements. After the A-O modulator a beamsplitter send a
fraction of the laser to the photodetector and the rest is sent by a couple of windows/mirrors
to the microscope objective which focuses the laser onto the sample surface. Illustrated in
red, the emitted infrared radiation is collected by the microscope objective and sent through
a germanium window, which filters the laser, to an off-axis parabolic mirror to focus it at the
infrared detector. Finally in green, the visible light is collected by the microscope objective
and reflected by the germanium window to go through Nd:YAG mirror, which is transparent for
visible light, to reach the visible camera.

The measurement of the amplitude and phase lag between the disturbance (photodiode sig-
nal) and the IR radiation (detector) is performed using a lock-in amplifier. This device makes it
possible to detect a signal drowned in a noise with high magnitude. In this way the phase lag
measured by the lock-in amplifier, ¢(w), has only two contributions, the phase lag linked to the
thermal response, ¢(w), and the one generated by the infrared detector and associated amplifier,
¢det(w), whose function has to be calibrated (at A = 1064 nm) to finally get the thermal phase
lag as:

$(w) = ¢(w) = Paer () (1)

For the phase detector calibration, the HgCdTe sensor is placed in the path of the laser,
between the beamsplitter and the Nd: YAG mirror, to be directly stimulated by the laser ( 1064
nm wavelength). With this configuration, using the InGaAs photodetector as reference, one can
measure the phase lag, ¢4 (w), introduced by the detection system.

A LabView based graphic user interface has been developed in order to manage the involved
instrumentation and set the desired experimental conditions as well as collect and show the
recorded information during the experiment.

3.2. The scanning system

The cartographic image formation from a pixel by pixel measurement made with the in-
frared sensor is achieved by scanning the sample surface. In the sweep process the sample



surface is displaced at constant velocity in the focal plane, perpendicular to the fixed laser beam
propagation axis. For this, the sample is mounted over a 3-axis piezoelectric translation stage
(P-611K101 from PI) with travel range to 100 pm x 100 gm x 100 pm. This precision dis-
placement system is equipped with position sensors which allows to know the position of the
plate while a feedback loop guarantees the exact and well repeatable positioning of the plate,
thus avoiding a possible phenomenon of hysteresis.

3.3. Estimation of heating and measurement area

In order to know the spot diameter of the focused laser, the widely used knife edge method
for beam characterization has been implemented. It allows quick, inexpensive and accurate
determination of the beam parameters [12]. This technique consist in moving a knife edge per-
pendicular to the direction of propagation of the laser beam and record the total transmitted
power as a function of the knife edge position. Assuming a laser beam with Gaussian distribu-
tion propagating along z axis, the measured power and the knife-edge position are related by

the error function as:
1 2(y —
P(y) = 5 [1 —erf <M)] (2)

Where P is the power transmitted, y is the knife-edge position, ¥, is the center position of
the beam distribution and r, is the effective beam radius, at which the intensity drops at 1/¢?
times the maximum value. The parameter r; can be found by fitting the equation 2 and the
measured data. This measurement process was carried out for 25 points spaced at 1 ym along
the propagation axis z, in the neighborhood of the focal plane of the microscope objective.
The experimental configuration is represented in Figure 2. The r, obtained in function of the
position z, follows a Gaussian beam propagation behaviour described as:

2
r(2) 27”0\/1+ (Z;Z()) 3)

Where rg is the beam radius at the focal plane, also named beam waist, z; is the location of
the focal plane and b is the Rayleigh length, defined as the distance over which the beam radius
spreads by a factor of /2. Figure 3 shows the measured beam propagation profile and the fitting
curve with the equation 3 where the beam radius at the focal plane o = 3.3 £ 0.034 ym and
Rayleigh length b = 5.97 + 0.098 pm were identified.

Microscopic T =
- / _— g curve
Ob]ECUVE' PhOtOdE tector é 8 1 Experimental measurements
N
_ To
Laser )
Beam i 5
o
Ii 6
Q.
1]
! Z g
kniffe £

Figure 2 : Schematic representation of Knife-
edge method for Gaussian beam characteri-

z [um]
Figure 3 : Beam radius measured and fitting
curve at zg = 0

zation.

About the measurement area, this is the one corresponding to the image of the sensor over
the sample surface and to know it the magnification of the optical system was employed. The



sensing optical system is composed of two elements, the microscope objective with a focal
length f, = 5 mm and the off-axis parabolic mirror with a focal length f,,, = 200 mm. Since
the sample is placed at the focal length of the microscopic objective and the infrared detector is
placed at the focal length of the off-axis parabolic mirror, the magnification of the optical system
(from the sample to the sensor) is given by the ratio of the focal lengths, m = f,,/ f, = 40, that
means the sensing area is 40 times smaller than the sensor size. As the HgCdTe sensor has a
square active area with 500 pm width, one gets that the sensing area over the sample surface is
a square with 12.5 ym width.

4. Validation on bulk sample

To test the experimental setup performance, a bulk stainless steel sample was used to run a
thermal characterization study, with the thermal conductivity as a target property. The sample
was placed at the focal plane, z = 0. To simplify the problem, the measurement area was
considered as the circular area. Thereby, when a heat flux with Gaussian distribution of radius
ro = 3.3 pm is applied at the sample surface, the average temperature over the aimed area of
radius 7, = 6.25 pm is:

-5 J1 arm

where & and pC), are the sample thermal conductivity and volumetric heat capacity respectively
and J; is the first kind Bessel function of order 1. With the phase-lag defined as: ¢ = arg(f),
the thermal conductivity can be found by fitting the experimental data with the model.

The equation 4 allows to calculate the reduced sensitivity function of the phase, Sp(a;) =
a;0¢/0a;, to the parameters @ = [rg, rm,, k|. Figure 4 shows the sensitivity function of the
phase for a frequency range from 200 Hz to 100 kHz, this is the frequency window at which the
experiment can be completed. One can observe that the sensitivity to r is almost constant and
close to 0, that means higher tolerance to the spot radius perturbations in full frequency range.
On the other hand, absolute value of the sensitivity to the measurement radius increase with the
frequency and is always bigger than the sensitivity to the thermal conductivity, which makes the
setup less tolerable to the out of focal measurements. In addition, figure 4 shows a correlation
between Sp(r,,) and Sp(k), that means one can’t estimate both parameters at same time, and
the variations in measurement area will produce a different thermal conductivity value.

Figure 5 shows the experimental data and the fitting curve (using Levenberg-Marquardt al-
gorithm). For the measurements frequency range a compromise had to be done between the fre-
quency region for the best sensitivity and the region at which the signal was measured correctly,
finally the 5 kHz - 50 kHz range was selected. In order to reduce the noise in the acquisition
process, an statistical treatment was done by average several hundreds of measurements from
the same point until reach the standard deviation lower to the 10 %, and each point is presented
with its standard variation. However, it is clearly observed that residuals are not white, meaning
the model is biased, that could be because the calibration has been made at the laser wavelength
(1064 nm) that is not the working wavelength for the infrared detector (from 2 up to 12 um).
From the experiments a thermal conductivity & = 14.17 £+ 1.12 W/mK was found, which is
consistent with the value measured by the Hot Disk method, £ = 14.45 4+ 0.98 W/mK, for
both methods pC), = 4 x 10° J/m®K was used. In addition, in figure 5 is shown the phase lag,
¢aet(w), introduced by the detector and the measurement chain.



In order to asses the tolerance with respect to out of focal measurements, the same experi-
ment was carried out for z = +1,2,3,4,5 yum. Figure 6 shows the estimated thermal conduc-
tivity versus the distance from the focal plane. One can observe that, in this configuration, for
the region around 1 pm of the focal plane, the variation on the estimated thermal conductivity
is lower than the standard deviation and represent only the 2% of the central value.
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5. Scanning measurements

Once the experimental setup is validated on a bulk sample, image acquisitions have been
performed in order to asses the possible resolution of the device. For this purpose, thin stripes
from 3 omega method patterns were used. The strip is made of 400 nm Pt layer deposited over
400 nm Ge — GeyShoTes (GGST) layer, all over a Si substrate with 400 nm SiN layer. The
schematic representation of the thin strip is presented in Figure 7.
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Figure 9 : IR Image of 50 pum width strip over Figure 10 : Normalized amplitude and phase lag
SiN-Si substrate. aty =1 pm.

For the first scanning measurement, a strip with W' = 50 pm width was used. The scanning
area is 100 yumx 5 pm and one measurement (pixel) was taken each 0.5 ym while the sample



was traveling at 5 um/s with a flux excitation at 99 kHz. Figure 8 shows the scanning process
for one line. The lock-in acquisition time was set at 100 ms.

The scans of amplitude and phase measured are shown in Figure 9, where the 3 omega pattern
is clearly visible in both amplitude and phase image. On the amplitude cross section shown in
Figure 10, one can easily note the strip region raising over the substrate. Here, it is important to
remember that this raising is not related to the height of the metallic region but to the change in
the emittance and thermal properties. One can also identify a transition zone corresponding to
the edge where the laser is over the substrate and the strip at same time, as shown in Figure 8-b),
the width of this zone is estimated to be around 6.5 ym. Inside the strip zone, one can see that
there is a variation between the central zone and the edge of the strip, that is probably due the
heat confinement effect when the laser is close to the edge. On the phase cross section graphic
(Figure 10) one can identify the same zones that in the amplitude plot, with the difference that
the section corresponding to the substrate is mostly noisy. This is because the signal seems too
low to be measured accurately, and contrary to the amplitude which values drop around zero,
the phase is noisy.

To further challenge the resolution capabilities, one strip with 300 nm width was scanned.
Figure 11 shows the obtained image. One more time, the contrast between the strip and the
substrate is clearly visible, in both amplitude and phase. On the cross section, one can identify
the region related to the strip, as a peak in the amplitude plot and a flat region in the phase plot,
similar to those for the larger strip.
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Figure 11 : IR Image of 300 nm width strip over Figure 12 : Normalized amplitude and phase lag
SiN-Si substrate. aty=1pum.

One can observe also, that the width of the measured signal, Wz is much larger than the
strip, the same widening phenomena occurs with the 50 pm strip (the transition zone at each
side of the strip) but here it is more evident. It is important to remark that the phase measured
on the narrow strip (-25.3° Figure 12) is the same as the phase measured at the edge of the 50
pm strip (-25.1° Figure 10), this suggests that the same two phenomena take place in the narrow
strip, like in the edge region of the larger strip, modifying the measured signal with respect to
the one measured in the center of the larger strip. On the 50 pm strip one can observe the change
in the phase due to the heat confinement (before entering the transition zone) because it is large
enough to allow the evolution when the laser approaches the edge, but in a smaller strip the heat
is always confined like in the edge region of the larger strip. In the same way the narrow strip
is always inside a transition zone that produces the widening effect, thus both phenomena lead
to the obtained measurements although only one is evident for the narrow strip.

The widening effect of the transition zone, comes from the convolution phenomena between



the measurement area profile and the emittance sample profile. To explain this, one has to
note that the temperature has a Gaussian distribution in the measured region. Therefore when
scanning across the strip, there is a Gaussian profile displacing over a square profile and the
measured signal is the pondered value. Thus, one obtains the convolution of the two signals.
Figure 13 shows a simulated convolution between a Gaussian distribution with a radius of 6.25
pm as the temperature distribution and a square signal that represent the strip.
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Figure 13 : Convolution of a gaussian
and step signals.

The convolution effect shows the same widening behavior that is observed in figures 12 and
10 and the width of the convolution effect is consistent with the experimental results, giving a
total width around 13 pm for the narrow strip and 63 pm for the larger strip. This permits to
think that once knowing precisely the spatial function of the detector, the spatial deconvolution
should allow to measure objects smaller than the measurement area with a good precision. In

this way the ultimate resolution will be driven by the resolution of the translation stage of the
scanning system.

6. Conclusion

A fast scanning photo-thermal radiometry setup for thermal analysis has been developed and
validated on a bulk sample. It was shown that the device can perform accurate measurements
located at its focal plane, with a tolerance of &1 ym. From the scanning measurements, it is
possible to extract information about the spatial pattern of the sample. Nevertheless, one has to
be careful with the image interpretation and post processing because spatial convolution is not

the only phenomena involved. As expected, the geometry plays an important role in the thermal
response at this spatial scale.

The presented setup has shown the capability to detect sub-micrometric structured materials,
if opaque, and perform fast measurements at high frequency. It has shown potential for the

analysis of the edge effects on thermal distribution and for the study of constriction resistance
and vertical contact resistance.

In future work, the integration of the experimental data with the finite element model will
allow us to make a quantitative analysis and estimate the thermal properties of 3D structured

samples.
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