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High-throughput heterodyne thermoreflectance: Application to thermal

conductivity measurements of a Fe—Si—Ge thin film alloy library
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A High-Throughput Time-Domain ThermoReflectance (HT-TDTR) technique was developed to per-
form fast thermal conductivity measurements with minimum user actions required. This new setup is
based on a heterodyne picosecond thermoreflectance system. The use of two different laser oscillators
has been proven to reduce the acquisition time by two orders of magnitude and avoid the experimental
artefacts usually induced by moving the elements present in TDTR systems. An amplitude modulation
associated to a lock-in detection scheme is included to maintain a high sensitivity to thermal properties.
We demonstrate the capabilities of the HT-TDTR setup to perform high-throughput thermal analy-
sis by mapping thermal conductivity and interface resistances of a ternary thin film silicide library
Fe,Si,Geqgo » y (20 < x,y < 80) deposited by wedge-type multi-layer method on a 100 mm diameter

I. INTRODUCTION

Time-domain thermoreflectance (TDTR) is a powerful
technique allowing one to study ultrafast transient thermal
transport."> The first experiment using transient thermore-
flectance was described in the late 1980s by Paddock and
Eesley.>* Since then, it has been extensively used to mea-
sure thermal conductivities,? heat capacities,5 and bound-
ary thermal resistances.® In addition, the method has been
used to investigate ultrafast sub-picosecond mechanisms’ such
as electron-electron® and electron-phonon®” relaxations. The
same setup has also been extensively used as a picosecond
ultrasonic tool to measure thicknesses and acoustic velocities
in thin layers.'”

Practically, a transient thermoreflectance pump-probe
setup is achieved by splitting an ultrashort laser pulse into
a pump beam heating the sample and a probe beam mea-
suring the temperature-induced reflectivity variations. A sub-
picosecond temporal resolution is obtained by varying the
relative optical path length between the pump and probe beams
with a mechanical delay stage. The pump beam is modulated in
amplitude by an electro-optic modulator driven by a sine wave
generator. Minute variations of the relative reflectivity sig-
nal (x107°) are obtained by filtering the measured modulated
signal with a RF lock-in amplifier.

The achievable delay range to investigate thermal trans-
port ranges from 1 ps to 10 ns, equivalent to a optical path
difference of 300 ym to 3 m. For “long” pump-probe delays
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(>few hundreds of ps), the mechanical delay stage may be a
source of beam defocusing and misalignment. The interpre-
tation of the lock-in signals is therefore not straightforward
because of distorted signals due to those artefacts. A solu-
tion to this issue has been proposed:'! Instead of analyzing
separately the in-phase V;,, and out-of-phase V ,,;; signals deliv-
ered by the lock-in amplifier, the ratio -V ;,/V,,; overcomes
these artefacts since both signals are similarly affected by
defocusing or a change of the overlapping. It has also been
shown'? that the ratio signal is highly sensitive to thermal con-
ductivity and carries valuable information about the thermal
transport.

The most recent improvement to the transient thermore-
flectance technique is the Heterodyne Picosecond Thermore-
flectance (HPTR) setup as described by Dilhaire et al. for
nanoscale thermal identification in 2011'% and based on an
Asynchronous Optical Sampling first described by Elzinga
et al. in 1987.'* In this setup, pump and probe beams come
from two separated but synchronized oscillators with repe-
tition rates slightly shifted from each other. This frequency
difference replaces the mechanical delay line, eliminating all
moving parts from the setup and improving the accuracy of
the measurements. In this case, variations of beam defocusing
and overlapping are suppressed while the available time range
is solely limited by the pump oscillator’s period (>10 ns). It
is worth noting that the acquisition speed is also much higher,
since the time needed for a single acquisition is the inverse
of the frequency shift (<1 s), instead of being limited by the
speed of the mechanical delay stage.

High-throughput measurement of thermal properties has
been performed by Zheng et al. in 2007." It was based on a
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FIG. 1. Ternary Fe-Si-Ge alloy library deposited on a 100 mm sapphire wafer.

classical TDTR with a mechanical and limited delay line. To
perform a large amount of measurements, the authors chose
to use a single delay with a maximized sensitivity to ther-
mal conductivity, then the acquisition speed being 3 points/s.
Nevertheless, this approach can lead to numerous errors by
assuming unknown thermal interface resistances to be con-
stant and as discussed later, neglecting the post-acquisition
adjustment of the phase of the lock-in amplifier.

In this paper, we present a high-throughput time-domain
thermoreflectance (HT-TDTR) setup, which is an improved
version of the HPTR setup, developed to carry out high-speed
and high-throughput thermal conductivity measurements with
minimum user actions required. This setup allows performing
thermal conductivity mapping of large surface samples.

To demonstrate the efficiency of our setup, a ternary
thin film silicide library Fe,Si,Gejgo-x—y (Fig. 1) has been
deposited by wedge-type multi-layer method. This library
comprises 342 measurement areas of different ternary com-
positions over a 100 mm diameter sapphire wafer. We report
the mapping of the thermal conductivities of this Fe-Si-Ge
library and consequently demonstrate the efficiency of our HT-
TDTR setup. We performed 33 measurements over the entire
surface, representative for the complete material system. The
capabilities and performances of our setup are discussed in the
following.

Il. TIME-DOMAIN THERMOREFLECTANCE
MEASUREMENTS

A. Thermoreflectance measurement principle
and modeling

Thermoreflectance techniques are based on an optical
measurement of the temperature through the variations of
the refractive index. In most materials, the refractive index
variations come from both acoustic strains and temperature
changes. The contribution of these two phenomena to the mea-
sured signal depends on the probe wavelength and on the nature
of the metallic transducer deposited on the top of the layer
of interest. Choosing an appropriate wavelength and metal,
where the detected acoustic contribution is minimal, allows
being sensitive almost only to the thermal transport. To fulfill
those criteria, a probe wavelength at 810 nm and an aluminum
transducer were chosen in this work. Hence, the relative varia-
tion of the reflectivity signal is proportional to the temperature
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variations in the metal film,
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Fitting the recorded signal with a Fourier transport thermal
model, described by quadrupoles matrices, allows retrieving
the thermal conductivity and the boundary thermal resistance
of the layer of interest, assuming that all the other parameters
of the sample (thermal conductivities, boundary thermal resis-
tances, thicknesses, and volumetric heat capacities) are known.
This Fourier transport model has been extensively described. '
Assuming a cylindrical symmetry and a multilayer structure,
the heat flux in Laplace-Hankel domain in the layer i is written
as follows:

@)

where A; is the thermal conductivity of layer i, Kl.1 and Kl.2
are unknown constants, s and @y are, respectively, Fourier
and Hankel variables, and ¢g; is a function of the following
variables:

®;(z, @y, 5) = —hiqiK; sinh(g;z) — higiK*cosh(g;z),

2 2, Pi Ci

q; =CYH+TS, (3)
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where p; and C; being, respectively, the mass density and the
specific heat capacity of layer i. This multi-equation system
can be expressed by a quadrupole matrix,
[®in] _ [Ai Ci] [Gom]

q)in B Bi Di (Dout ’
where ®;, and ®,,, are, respectively, the heat flows penetrat-
ing and exiting the sample. ®;, and ®,, are, respectively,
the top and bottom surface temperatures. The product matrix
[/éll LB)','- ] is determined by multiplying descriptive matrices of
each layer and thermal boundary resistances. The coefficients
depend on the thickness of layer i as well as its thermal prop-
erties. Inverse numerical transforms of expression 4 gives
the temperature solution in space and time domains. Using
Eq. (1), the measured signal can be related to the calculated
temperature. The last step relates the single pulse temperature
to the effects of multiple pulse accumulation'® and lock-in
detection. The acquired in-phase V;, and out-of-phase V,,;
signals can be expressed as

“
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Vin =Ain Z Z Ar(kAT + gT)cos Qafu(kAT + gT)),
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Vou =Aou ) D Ar(kAT + qT)sin(2nf(KAT + qT)).

k=—00 g=—0
(©)

Aj, and A,,, are constants depending on modulation
amplitude and oscillators’ powers and frequencies. 7 and AT
are, respectively, the pump oscillator period and the differ-
ence between the two oscillators’ periods. f, is the modulation
frequency of the pump beam.

B. High-throughput thermoreflectance setup

The HT-TDTR setup (Fig. 2) is based on two coherent
Ti:Sa oscillators with a mean repetition rate of 76.2 MHz and
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pumped by a continuous 18 W-Verdi Nd:YVO4 at 532 nm.
Pump and probe beams’ wavelengths have been set, respec-
tively, at 780 nm and 810 nm. The frequency shift between
oscillators is set at AF = 1 Hz, which gives a single acquisition
of a complete signal in 1 s. The pump beam passes through
an electro-optical modulator (ConOptics 350-160), driven by a
200 MHz amplifier and a function generator (Agilent 33250A)
at 9.76 MHz, which adds an amplitude modulation to the pulse
comb. A lock-in amplifier (Stanford Research Systems SR844)
time constant is set at 30 us for acquisition speed purposes.
Pump and probe beams are recombined and focused on the
sample with a 10X planar microscope objective. The pump
and probe beams have a respective focused size of 9.5 ym and
7 um. The reflected signal is detected by a Thorlabs DET-10A
silicon photodiode. The parameters of this setup are summa-
rized in Table I and typical values of the same parameters
are given for a delay-line/single oscillator thermoreflectance
setup.

A precise comparison of the delay-line based and HT-
TDTR setups is difficult; the signal-to-noise ratio depends on
various parameters such as the stability in power of the laser
oscillators, the reflectivity signal of the sample, and the intrin-
sic electronic noise that is different from one experimental
setup to another. For those reasons, Table I summarizes gen-
eral values for acquisition speed and equivalent scanning fre-
quency. A single acquisition of the entire delay takes approx-
imately 80 s with a high-speed mechanical line (500 mm/s).
Using the HT-TDTR with a shift frequency of 1 Hz, this time
is reduced to 1 s. Since multiple acquisitions (typically 10) are
required for averaging purpose, 10 s is therefore needed with
the HT-TDTR, while more than 10 min is usually required with
the classical to obtain a reflectivity signal with an equivalent
signal-to-noise ratio.

To scan the entire 100 mm diameter library as presented
in Fig. 1, we have implemented a fully automated 3D posi-
tioning system made of three 150 mm motorized stages with
a 100 nm step resolution. By recording an image of pump
and probe focused on a camera, the stage along the beam’s
axis ensures an automatic focusing of the beams on the

sample

FIG. 2. High-throughput pump-probe thermoreflectance
setup.

|

3D positioning
system

sample. Prior to any measurement, a 100 nm step scan over
few micrometers is performed while beam sizes are recorded
and then fitted, and the stage is accordingly moved to guar-
antee optimal focusing. This helps securing a high signal-
to-noise ratio as well as providing a constant size of the
heat source. The knowledge of the beam sizes is necessary
as they are input parameters for the 3D cylindrical heating
model used to adjust the experimental data. The two other
motorized stages are used to center the Al metallized mea-
surement areas of the material library on the focused beams
as well as automatically moving from one area to another.

TABLE I. Main parameters of the HT-TDTR setup and typical parameters
for a simple delay line thermoreflectance setup. Both setups are assumed to
have 76.2 MHz oscillators and the same available temporal scan range of
13.123 ns.

Delay-line,
single oscillator
Parameter thermoreflectance setup HT-TDTR
Oscillator Visible - IR Double oscillator
isible -
wavelength 780 nm/810 nm
Oscillator 76.2 MH 76.2 MHz
. z
frequency 76.200001 MHz
it 1
cmpora 13.123 ns 13.123 ns
scan range
Max. del
ax. delay 394 m None

line length

Time needed for Inverse of the

~80 s (50 mm s~ !

a single frequency shift
.. stage) .

acquisition between oscillators: 1 s

Acquisition ~0.125 Hz 1 Hz

frequency

Equivalent

mechanical 0.05ms~! 4ms!

stage speed
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Although the addition of this positioning system does not
have any impact on a single area measurement, it significantly
helps when dealing with a large amount of measurements per-
formed during a high-throughput analysis of a material library.
Figure 3 shows a plot of relative variation of the identified
thermal conductivity for an error on various input parame-
ters. As shown, a 5% relative error on a 9.5 ym pump beam
waist results in a 1% relative error on the identified thermal
conductivity. Probe beam size errors are of the same order of
magnitude.

The reliability of a measurement is assessed by several
factors, including repeatability. When measuring a large num-
ber of samples on a material library, the repeatability over
time is often an issue since the exact same positioning is
almost impossible to achieve by moving manually a translation
stage. In HT-TDTR measurements, every scanned position is
recorded and stored for potential future use. In most cases,
verifying the results by repeating the measurement is manda-
tory, and in our case, it can be achieved with high spatial
precision.

Lock-in amplifier’s phase adjustment is a critical factor
in modulated TDTR experiments. When heated by a laser
pulse, an almost instantaneous rise of temperature of the sam-
ple is observed on the real part of the signal V;,, while the
imaginary part V,,, remains almost constant around t = O.
As shown in Fig. 4, this can be seen in the Nyquist plane
Vour (1) =f (Vi (2)) as a horizontal line between negative and
positive delay around zero (Vi (t = 07) = V,,(r = 07)). Any
additional phase caused by the electrical circuitry or the lock-in
itself induces an angular error and therefore a mixing between
real and imaginary signals. For every measurement, the phase
on the lock-in amplifier is measured and automatically cor-
rected to obtain a horizontal shaped curve around zero in the
Nyquist plane. As seen in Fig. 3, a small 0.2° error on phase
adjustment leads to a 5% relative error on the identified thermal
conductivity, highlighting the necessity of a precise lock-in
phase correction.

A possible unintended variation of the Al thickness
is also an important factor for thermal analysis. As pre-
sented in Fig. 4, a 5% relative error on a 70 nm-thick Al
layer results in a major 15% relative error on thermal con-
ductivity. The same comparison can also be done on the

thickness of the film of interest: a 5% relative error on the
354 nm-thick Fe-Si-Ge layer leads to a 2% relative error on
the identified thermal conductivity. The HT-TDTR setup, used
for picosecond ultrasonic measurements tool, may provide
few nanometers precise measurements of thicknesses, assum-
ing sound velocity in Al as known, which drastically reduces
significant errors. With its efficient and precise spatial scan-
ning, we can check the thickness variations over large samples
and consequently avoid inaccuracies in the thermal analysis.
In this case, picosecond ultrasonic is a powerful method to
assess the validity of the deposition since fabrication pro-
cesses rely on either thickness uniformity or precise linear
gradients.

The identification of thermal properties (i.e., thermal
conductivity and thermal boundary resistance) is automat-
ically performed for every measurement once the acquisi-
tion is done. With the improvements discussed earlier, most
of the user actions required between two consecutive mea-
surements are automated and more precise, resulting in a
net gain in both acquisition time and accuracy. More pre-
cisely, with a pre-processing time of 10 s for positioning and
focusing, and 10 averaging at a frequency shift of 1 Hz, the
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FIG. 4. Nyquist plot Vj,:(t) =f (Vi (t)) for FesgSizgGesg. Solid line is the
measured lock-in amplifier signal in the Nyquist plane and is colored according
to time, from dark blue for a zero pump-probe delay to bright yellow for 13.123
ns. Dashed red line is the best fit obtained. Grey line is the measured lock-in
amplifier signal with a +0.5° phase error.



total measurement time for a single area is 20 s, compared
to roughly 15 min for a classical delay-line setup meaning
an acquisition time reduction by a factor of 45. In addition,
the post-processing time is reduced from 5 min down to
2 min with the automated processing. Our novel HT-TDTR
setup consequently allows a high-throughput characterization
of thin film libraries, from measurements to thermal param-
eters identification. The automatic positioning system and
lock-in amplifier phase adjustment guarantee the same mea-
surement conditions (positions, beams sizes) for every scanned
area.

lll. APPLICATION TO THERMAL CONDUCTIVITY
MAPPING OF A Fe-Si-Ge THIN FILM LIBRARY

Silicide alloys, including ternaries, have recently started to
be interesting in terms of their thermoelectric properties.'’20
In addition, their abundance and low average costs make them
excellent thermoelectric candidates. However, due to the com-
plexity of the ternary materials, a wide range of compositions
have to be studied to find optimal compositions that would
maximize the thermoelectric figure of merit.

A. Combinatorial synthesis by wedge-type
multi-layer deposition method

For the deposition of Fe-Si-Ge libraries, a combinato-
rial approach was taken (Fig. 5), which made it possible
to achieve compositions from 0% to around 80% for all
three elements. The used wedge-type multilayer approach
was described previously.?’?> This method is suited for
producing thin film libraries of a wide range of composi-
tions. It produces simultaneously with the ternary library also
three binary systems by the combinations of the three ele-
ments. It requires, though, long deposition times and high
post-deposition annealing temperatures for alloy formation
from the precursor multilayered structure. In the present
study, the full range of up to 100% could not be achieved
due to our priority to maximize the ternary composition
area.

Ternary area

1.0 nm

120° Wafer rotation

\

| <~
| ®
@

Si layer thickness gradient

Fe (at. %)

FIG. 6. Compositions in the Fe-Si-Ge thin film library as determined by high-
throughput EDX measurements.

A Fe-Si-Ge film library was deposited on a single-
crystalline 100 mm diameter sapphire wafer. Single element
layers were deposited from elemental targets of Fe (99.99%),
Si(99.999%), and Ge (99.999%). Ar (6 N) was used as a pro-
cess gas at 0.67 Pa pressure and 60 SCCM flow. The process
gave a multi-layer film with the single layer wedge thicknesses
at the wafer center of around 1 nm for Fe, 1.7 nm for Si, and
2 nm for Ge. In order to transform the multilayer thin film into
a multiphase alloy, the Fe-Si-Ge library was annealed in Ar
atmosphere at 800 °C for 80 h. Lower temperature, or shorter,
annealing processes proved to be ineffective.

B. Mapping thermal properties of Fe-Si-Ge

Thicknesses of the Fe-Si-Ge thin films for every measure-
ment area have been obtained by an AMBIOS profilometer
for the 342 areas across the wafer. For thickness measure-
ments, a photoresist was applied on areas to be measured.
Subsequent to film deposition, the photoresist was removed by

FIG. 5. Schematic of the wedge-type
multi-layer deposition method.



acetone and isopropanol, exposing the surface of the substrate
and enabling film thickness measurement by determination of
height between substrate and film surface. The examined Fe-
Si-Ge library thickness was ranging from 200 nm to 900 nm.
A 70 nm-thick Al transducer layer was deposited by elec-
tron beam evaporation on top of the Fe-Si-Ge library. Fe-
Si-Ge library compositions for the analyzed areas have been
determined by Energy dispersive X-ray spectroscopy (EDX)
using an automated Oxford Instruments INCA X-act detec-
tor attached to a JEOL 5800LV scanning electron micro-
scope (SEM) operating at 20 kV. Mapping was done for
a mesh of 342 spots across TFL surface, of size 400 um
X 600 ym mutually separated by 4.5 mm and represented in
Fig. 6.

33 measurement points have been taken on this library,
spread in a wide and representative range of compositions.
Thermal conductivity and thermal boundary resistance mea-
surements on Fe-Si-Ge are shown in Fig. 7.

Since HT-TDTR is mostly sensitive to the thermal effusiv-
ity, the volumetric heat capacity pC of the Fe-Si-Ge alloy, for
every composition, must be known. In our case, they have been
deduced from a weighted average method taking the composi-
tion of each point of measurement, as determined by the EDX
measurements showed earlier,
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FIG. 7. (a) Ternary graph of measured thermal conductivities on a multi-
wedge deposited Fe-Si-Ge alloy library. (b) Ternary graph of the measured
thermal interface resistances on a multi-wedge deposited Fe-Si-Ge alloy
library.
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The volumetric heat capacity of the 650 pm-thick sapphire
substrate was assumed to have the classic literature value of
3.1x 100 JK ' m™.

The Si-Ge-Fe library exhibits thermal conductivity values
from 1.1 W m~! K~! for FesgSirsGes7 up to 20.7 Wm™! K~!
for Fe;9Sip9Ge;. Very low values of thermal conductivity are
a clear indicator for amorphous phases of ternary alloys. This
was confirmed by XRD analysis. Binary alloys (Fe 0%) and
ternary alloys close to Fe 50% exhibit such amorphous limit
thermal conductivity values. The amorphous behavior is also
confirmed by the interface resistance map where no physi-
cal values were found on those specific areas. For a thick
amorphous layer, very large thermal resistance leads to a
reduction of the sensitivity of the TDTR method to identify
the metal/layer interface resistance. For the same reasons, no
HT-TDTR measurements were performed for Ge 0%, where
XRD analysis has revealed important amorphous phases. Crys-
talline phases were found close to the center of the ternary
composition spread. In this area, thermal conductivity values
are close to the expected alloy limit (i.e., 10 W m™' K1),
Besides, no simple correlation between thermal conductivity
and composition maps can be visually established. Theoretical
calculations based on first principle will be discussed in future
works to find cross-correlation between the various ternary
alloys.

IV. CONCLUSION AND OUTLOOK

In this paper, we have introduced an improved ver-
sion of the HPTR setup: High-Throughput Thermoreflectance
setup. We have demonstrated its capabilities to carry out
multiple thermal conductivity measurements over large sur-
face samples. Using two synchronized femtosecond oscil-
lators significantly reduces the acquisition time of one sin-
gle area measurement to few seconds. In addition of being
artefact-free and time-saving, many improvements on the
setup guarantee similar conditions over multiple measure-
ments as well as superior precision by eliminating most of
the human-induced errors. This setup has been used to study
a ternary Fe-Si-Ge library deposited on a 100 mm diame-
ter sapphire substrate and synthesized by wedge-type multi-
layer deposition method. First high-throughput measurements
have highlighted crystalline and amorphous phases on the
library. Amorphous phases with thermal conductivity close to
1.1 Wm~! K~! seem to be related to the multi-wedge deposi-
tion method and the chosen material system. Other deposition
methods like co-deposition on a hot substrate are currently
investigated to improve crystallinity of the different ternary
phases. Crystalline phases, with thermal conductivity values
close to the alloy literature, have been found to be mostly
located in the center of the ternary system, i.e., around FeS-
iGe. The coupling of HT-thermal conductivity measurements
with HT-electrical conductivities, using four-point probe
method, will finally reveal ternary composition with optimized



transport properties and improved thermoelectric figure of
merit.
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