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Abstract: Characterization of the thermal diffusivity on the micrometer-thick film on a substrate
by transient grating spectroscopy was investigated. The experiment was performed on a thin
film of NiTi at 120°C, when the film is in the austenitic phase and exhibits cubic crystallographic
symmetry. Apparent anisotropy of thermal diffusivity was observed in the experimental results,
as confirmed by finite-element model (FEM). However, the calculation confirmed that the
measurement was only sensitive to the thermal diffusivity of the film, omitting the substrate.
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Introduction

Transient grating spectroscopy (TGS) is an opto-
acoustic technique used to characterize the elastic and
thermal properties of solids [1, 2, 3]. TGS, also known
as impulsive stimulated thermal scattering (ISTS) [4,
5] or transient thermal grating (TTG) [6], is a non-
destructive and contactless method that was used
successfully to determine the elastic properties of a
single-crystalline thin film of NiTi on an MgO sub-
strate [7] and to measure the thermal diffusivity of
the cubic single-crystals [8].

TGS uses two pulsed laser beams interfering on
the sample surface that create spatially harmonic
thermo-elastic excitation. Because of the excitation
pattern, thermal and acoustic transient gratings are
created — forming a dynamic surface-displacement
grating on which the probe laser diffracts. The probe
laser is continuous, and the optical geometry ensures
recombination of the probe beams in a heterodyne
detection setup [1]. The relative phase shift of the
probe beams (the heterodyne phase) then influences
the information obtained: Without a phase shift, the
signal depends solely on thermal reflectivity; with a
non-zero phase shift, it reflects both thermal reflec-
tivity and surface displacement, combining acoustic
oscillations with thermal decay [9]. An ideal signal is
obtained in the 'phase-grating’ mode with the hetero-
dyne phase Oyet = (£7/2). Acoustic oscillations can
be characterized directly from the frequency spectrum,
while fitting the signal with a formula from analytical
models allows extracting the thermal diffusivity [10,
11].

However, as described in Ref. [8], when thermal dif-
fusivity is measured on elastically anisotropic samples,
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the result of the fitting formula is influenced by the
elastic properties, and a correction is needed to find
the true thermal diffusivity of the measured sample.
To characterize the influence of the elastic anisotropy
on the apparent thermal anisotropy determined by the
fitting formula, a quasi-static FEM model of the TGS
experiment was used [8].

In this work, we show that TGS allows us to deter-
mine the thermal diffusivity of micrometer-thick films
without the influence of the substrate. The sensitiv-
ity to thermal properties is depth dependent on the
wavelength A of the interference pattern as

L=2, &)
where L is the thermal diffusion length [11]. Therefore,
thermal properties are obtained up to this depth. Here
we present its potential to determine the thermal
properties of a single-crystalline sample that cannot
be manufactured in bulk but only as a thin film.

Methods - Transient Grating Spectroscopy

Transient grating spectroscopy, illustrated in Fig. 1,
is based on diffracting pump and probe lasers on
the transmission phase grating and projecting +1
diffraction order beams on the sample surface using
the 4F imaging system. Projected pump beams in-
terfere on the sample surface, creating a spatially
harmonic excitation pattern. The fringes spacing, and
thus the acoustic wavelength ), is set by the incidence
angle of the beams and the laser light wavelength.
Acoustic wavelength can thus be easily changed by
changing the transmission phase grating. Each inter-
ference fringe acts as thermo-elastic source, launching
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Fig. 1: Top-view schematic of the simplified optical
setup of the TGS method.

acoustic waves with a well-defined wave vector in a
direction perpendicular to the excitation lines.

The probe beams go through the same optical setup
as the pump beams. The beams are diffracted on the
transient grating created on the sample surface after
the excitation. The optical setup is in the Littrow
configuration, where each probe beam diffracts in
the reflection direction of the other, enabling hetero-
dyne detection. Detection is carried out in the 'phase-
grating’ mode (heterodyne phase Oy = (£7/2)),
which maximizes sensitivity to out-of-plane displace-
ment.

The measurement setup was similar to that used
in the previous work of the authors [2]. The pump
laser was a Nd:YAG pump laser (1064 nm, 0.54 ns,
200 pJ, 1 kHz) where the mean power on the sample
surface was 17 mW. The probe beams were from
the continuous-wave laser at 532 nm (120 mW) with
mean power on detector around 15 mW. The optical
setup was such that the resulting acoustic wavelength
was A = 7um. The signal-to-noise ratio and sensitivity
are further enhanced by measuring the intensity using
differential Si photodiodes with a 60 dB amplifier. The
differential setup further enhances the signal quality
by removing phase-insensitive influences [4, 11].

The heterodyne probe signal was recorded by Wa-
veRunner 640Zi oscilloscope (4 GHz bandwidth, verti-
cal resolution of 8 bits, sampling rate 5 GS /s). The
signal was averaged 50 thousand times in the time-
domain for enhanced resolution and further reduced
noise. Fourier analysis then reveals the dominant SAW
frequencies, from which the SAW velocities were ob-
tained using v = f\, where X is the excitation grating
period, and were used to determine elastic constants

[2].

To determine the thermal diffusivity, the fitting of
an analytical function in the time-domain was used
[10, 11]:
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Fig. 2: a) Schematic showing B2 austenite unit-cell
orientations of the film with respect to the substrate,
b) cross-sectional SEM thickness measurement of the
supported 3 pm thick NiTi layer on MgQO substrate.

I(t)=A {erfc (q\/a) — %GXP (q%ﬁ)]

(2)
+Bsin (27 ft + ) exp <—i> +C,
with A, B and C being constants, ¢ = 27/ is
the acoustic wave number, « is thermal diffusivity, 3
describes the displacement and reflectivity contribu-
tion ratio, f frequency of the acoustic wave, 7 the
acoustic decay and ¢ the phase of the acoustic wave.
The experimental results were compared with the
simulated results from the FEM simulation of the
TGS experiment described in detail in [8].

Study case

The sample used in this study was a thin film of a NiTi
shape memory alloy. The film was epitaxially grown
by DC magnetron sputtering on a single-crystalline
MgO(100) substrate [12]. To reduce epitaxial stress,
buffer layers of vanadium and chromium were used,
with a combined thickness of around 50 nm.

The epitaxial relationship between the NiTi
austenite (B2 structure) and the MgO substrate
was MgO(100)[001] | V/Cr(100)[011] | NiTi
B2(100)[011]. This indicates that the austenite unit
cell is rotated by 45° around the substrate normal
relative to the film, such that of MgO aligns with of
the austenite (as shown in Fig. 2a). The film thickness
was measured by scanning electron microscopy (SEM)
on a cross-section prepared by focused ion beam (FIB)
milling using a FEI Helios NanoLab 600i, with the
determined value of 3060 nm (Fig. 2b).

Results and Discussion

We carried out a 45° angular scan (with a step of
1°) of TGS measurement with A =~ 7um. The sample
was measured at an elevated temperature of 120 °C
at which the film was in a single crystalline austenite
phase. The obtained time-domain signal is shown
in Fig. 3 (top) with a strong acoustic and thermal
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Fig. 3: Top: Time-domain signal in the 'phase-grating’ measurement mode for epitaxial NiTi(001)[100] (3;1m)
on MgO(001)[110], with the measured signal in solid blue and calculated signal from the fitting function Eq. (2).
Bottom: Comparison of experimentally measured (blue circles), simulated (black squares) and simulation input
(black line) thermal diffusivity of thin film of NiTi on MgO. The black line is the true thermal diffusivity of the

austenite phase of NiTi at 120 °C [8].

response. The measured signal was fitted by Eq. (2),
orange line, to obtain the thermal diffusivity.

Although the film is crystallographically cubic and
therefore the thermal properties should be isotropic
anisotropy of the thermal diffusivity was measured
as shown in Fig. 3 (bottom) as blue circles with
error bars (obtained from the fitting formula). This
anisotropy results from the elastic anisotropy, which
the derivation of the fitting formula (2) omits, and it is
thus only apparent — as described in detail in Ref. [8].
However, quasi-static FEM simulation of the TGS
experiment was used to find the true isotropic thermal
diffusivity of the studied material by comparing the
results of the FEM simulation with the experimental
results, where isotropic thermal diffusivity was used
as input. The input value for the FEM simulation is
the considered the sought thermal diffusivity of the
austenite phase of the NiTi at 120 °C, resulting in
a = 0.0454 cm?s~ 1.

Note that the magnitude of A was chosen so that
the thermal properties would be probed only in the
NiTi film — based on Eq. (1), the thermal-diffusion
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depth should be approximately 2.2pum. This was con-
firmed by the agreement of the experiment with the
simulation, which was performed for considering bulk
NiTi and omitting the substrate altogether.

Conclusion

Characterization of thermal diffusivity of epitaxial NiTi
film was performed by TGS. The acoustic wavelength
of 7 microns allowed us to probe only the film (with
the thickness of 3 micrometers), omitting the influ-
ence of the MgO substrate. Although the film was
crystallographically cubic and should be isotropic in
thermal properties, anisotropic results were obtained
by fitting the TGS signals. This is in agreement with
earlier findings of the influence of elastic anisotropy on
the TGS signals and the rate of the slow decay which
corresponds with the thermal diffusivity. These results
were confirmed by FEM simulations, allowing us to
determine the true value of the thermal diffusivity of
an elastically anisotropic thin supported film.
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