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Advantages of the transient grating method for contactless study of thin-film materials have been demonstrated. Thin
films of diamond-like carbon and thermoelectric lead telluride have been studied. Transient gratings are formed on a sur-
face of film due to absorption of nanosecond pulsed laser radiation. The diffracted signal character enables the heat transfer
parameters and thermal diffusivity determination. The transient grating period increase leads to transfer from thermal
diffusivity of thin film measurements to its effective value determination, with a contribution made by the substrate.
At large period of the grating one can realise measurements of thermal diffusivity of the substrate itself. Acoustic wave
excitation in the near-surface thin layer of the air, which earlier has been considered as a factor distorting the diffracted
signal dynamics is of special interest. In this case there is a possibility to temperature measurement of the film when it is
heated by a laser pulse.

Keywords: holography; transient grating; heat transfer; thermal diffusivity; diamond-like carbon; lead telluride; thermo-
electric; acoustic wave.

Introduction

Studies of the features of heat transfer in thin films are of topical importance in the field of micro- and nano-
electronics, material science. Examination of materials and measurements of the heat transfer characteristics
are conducted with the use of different physical methods, among which contactless procedures using optical
radiation are the most attractive approaches [1-6].

The paper presents optical studies of thermal properties of diamond-like carbon and lead telluride based
thermoelectric. These materials are synthesised to find numerous applications in various branches of science
and technology including the formation of protective films, manufacturing of heat-conducting coatings, deve-
lopment of solar power engineering, etc. Consideration is given to a thin film that is in a double sided thermal
contact with the air and the substrate.

According to the method used, two coherent light beams of a pulsed laser are interfering on the surface of
a sample under study. Heating of the excitation area results in the formation of a surface-relief grating. First-
order diffraction of a light beam from the continuous-wave laser by the created grating is observed. The dif-
fraction signal intensity is photometrically measured by a detector of high temporal resolution. The lifetime of
a transient grating depends on its spatial period and thermal diffusivity of film under study.

When the thermal grating lifetime is measured, one can have information about physical processes pro-
ceeding in the material under study. In particular one can measure relaxation time of thermal grating and the
thermal diffusivity of film studied. All the experiments have been performed with the use of a system, shown
in a series of works [7-9].

Influence of the thermal contact between substrate
and film on the in-plane heat transfer

Free standing thin films growth and their subsequent usage is rarely realised in practice because of range
of technological problems. In this paper the heat transfer is studied in films that are in thermal and mechanical
contacts with substrate. Pulsed heating of the film is of essentially surface character and the initial penetration
depth of exciting radiation should be much less than film thickness. Heat transfer takes place in the directions
of the thermal gradient formed, i. e. parallel and normal to sample surface.

In the process of the in-plane thermal diffusivity y , measuring, the depth of heat penetration L, into a film of
thick % in the direction normal to the sample surface during relaxation of the transient grating is a parameter
of great importance. For reliability of the measurements of y ,, it is necessary that the condition L, < / is well sa-

tisfied. We have L = \/4y,t, [10-12], where y . — thermal diffusivity in the direction normal to the film surface,
2

7, — relaxation time, t, = ——, A — grating period. Most commonly . =, (thermal isotropy) and in this case

47y,
the influence of substrate on kinetics of thermal relaxation is insignificant if the thermal grating period A < 7h.
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As heat penetrates deeper into the sample, amplitude of the thermal profile is lowered due to thermal diffusion
in the in-plane direction x. Naturally, relaxation kinetics in the case, when a film with high thermal diffusivity
is formed on the substrate with a relatively low thermal diffusivity, is mainly determined by the in-plane heat
transfer in film.

When the period A of a thermal grating, and hence its life time 1, are large enough and when during the pe-
riod of the diffracted signal observation heat has a chance to reach the substrate and to exert its thermal effect,
we measure the effective value averaged over the heat penetration depth instead of a real thermal diffusivity of
film. In this case kinetics of thermal relaxation is weakly dependent on the film properties and in fact is deter-
mined by thermal parameters of the substrate itself.

A transformation the effective thermal diffusivity (y.q4) of the film under study to its actual value is illus-
trated in fig. 1, showing the result of excitation of thermal transient gratings with different periods in a film of
diamond-like carbon (DLC). The grating is excited by laser pulses of width 10 ns at the wave length 532 nm.
The radiation absorption factor p of the film in this spectral range is ~10° cm .

It is well seen that when the grating period A decreases from 20 to 2 um, the in-plane thermal diffusivi-
ty %, 1s varying from thermal diffusivity of the glass substrate to the same parameter of diamond-like carbon
film [13]. If A > A, there is practically no heat transfer in direction parallel to sample surface, whereas the
decay of a grating is mainly determined by heat transfer in the substrate.

A
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Fig. 1. Effective thermal diffusivity
of the system diamond-like carbon film — glass
as a function of the period of a thermal transient grating formed
on surface of the absorbing film of thick 2 pm

Role of the air in relaxation Kkinetics formation
of transient surface grating lead telluride film

Lead telluride (PbTe) based thermoelectrics are now actively studying because this narrow-band semicon-
ductor shows promise for the technologies of renewable energy engineering. Recently the attention has been
attracted to lead telluride doped with indium or bismuth that reveals advantageous functional qualities. Some
portion of thermal energy stored by the absorbing surface of a PbTe film is transferred to the adjacent air layer
and acoustic grating is excited in thin layer.

To estimate a contribution of the air into kinetics of the diffraction signal attenuation, one should take into con-
sideration that, according to the data from [14] obtained by the photorefraction method, thermal diffusivity of the
air on normal atmospheric pressure comes to 0.2—0.4 cm?*/s depending on its temperature. The same parameter
for the tested film is within the range 0.015—0.025 cm?/s [15]. Consequently, the life time of a thermal grating in
air is one-tenth as long as the grating in film under study. Thus, to exclude the influence of a thermal grating
in the air on the measurement results during experimental studies of heat transfer in samples based on PbTe,
the initial point of the analysed kinetics should be shifted by lifetime of air grating after the moment when the
diffraction signal arises.

As it seen in fig. 2, a, at the initial part of the kinetics curve one can observe an acoustic attenuating com-
ponent of diffraction. Ultrasonic oscillations period is about 0.12 ps.



OnTHKA U CIEKTPOCKOTHSI
Optics and Spectroscopy

—_
(O}
T
N
T

—
(=]
T

Signal of diffraction, mV
Signal of diffraction, mV
[\S)

T

(=]
T

3

J

3

W
10
/

1 L 1
02 04 06 08 1.0 12
Time, ps

P E U B S R L >

—-0.1 0 0.1 0.2 0.3
Time, ps

|
<
&}
o

Fig. 2. Diffraction kinetics of a probe beam for the film of PbTe : Bi thick 2 um on glass.
The grating periods are 41.7 pm (a) and 2.5 um (b)

It has been found experimentally that when the spatial grating period is below 5 um, no acoustic oscillations
are observed due to not enough temporal resolution of a recording system (fig. 2, ). Indeed, for A =2.5 pm,
the period of acoustic oscillations in the air is 9 ns which is much less then temporal resolution of the detection
system used. Figure 2, b, shows that relaxation time of a dynamic grating comes to 0.13 ps. Then, for the grating
period 2.5 pum, thermal diffusivity of the film comes to 0.93 - 102 cm?/s.

Ultrasonic estimation of PbTe : Bi film temperature

The possibility to measure frequency of an ultrasonic wave as excited by of the transient grating method
offers estimation of the speed of sound in a near-surface layer of the air. Considering that the ultrasound propa-
gation speed in the air is linearly growing with temperature over the range up to 500 K [16], the proposed
method may be used for estimation of the film temperature at the initial moment of dynamic grating recor-
ding. It is assumed that temperature of a thin near-boundary layer of the air in intimate contact with the heated
surface of the film is close to temperature of the film surface.

Frequency of the diffracted signal acoustic oscillations has been found by means of the fast Fourier transfor-
mation (fig. 3, a), and the propagation speed of ultrasound in air /= A f'= 347 m/s has been calculated. By using
the graph in fig. 3, b, it has been found that the film temperature at = 347 m/s is approximately 310 K. This value
should be taken as an average over the probing spot.

As the energy of laser pulses which record the grating grows by a factor of 1.5, the propagation speed of
ultrasound increases up to 368 m/s. According to fig. 3, b, of the near-boundary layer temperature of the air and
hence of the film increases to 330 K.
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Fig. 3. PbTe : Bi film: Fourier spectrum of the diffracted signal for PbTe : Bi film
(vertical line denotes the component of acoustic oscillations
in air at frequency 8.32 MHz) (a)
and temperature dependence of the ultrasonic speed in air
(m is reference points [16]) (b)
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To improve reliability of the results obtained during the conducted measurements, the film temperature
has been also estimated with regard to the fact that the diffraction efficiency n of grating is determined by the
amplitude of the formed surface thermal relief. For the 100 % contrast of interference pattern in the film under
study, this amplitude is completely determined by all the absorbed energy of laser radiation. This excitation
mode allows for calibration of the diffraction efficiency of a relief transient grating and for its evaluation.

As it is demonstrated by the experiments, in a linear mode of the dynamic grating recording its initial amplitude
indicated on the oscilloscope screen should not to exceed 7-8 mV. To find which diffraction efficiency of the
grating is associated with this amplitude, the probe beam was calibrated with the use of a set of neutral optical
filters, preliminary certified for transmission. The number of filters was selected so that the signal amplitude
on the oscilloscope sereen was the same as the diffraction-signal amplitude recorded. The overall transmission
was found to be 107, The diffraction efficiency of the relief-reflection type grating for diffraction efficiency
n <1 is given by the well-known relation [17]:

2
A

Here Ah = IATP, Where Ah surface relief height, / — heated layer depth taken equal to the film thick-
ness 2 um, =20 - 10 ® K" — thermal hnear—expansmn coefficient of lead telluride, A — wavelength of probe
radiation. According to (1), for n ~ 107 and the probe-radiation wave length 635 nm, the thermal relief height
comes to Ak ~ 0.7 nm. Then, accordingly to the equation (1), the temperature increase of the film due to ab-
sorption of pulsed laser radiation above the room temperature A7, averaged over the depth and the excitation
spot, is about 30—40 °C. This is in a good agreement with the result obtained through ultrasonic application.

Conclusions

In this way the experiments with thin films of diamond-like carbon and PbTe based thermoelectric have
demonstrated the potentialities for application of the transient grating method in contact-free testing of heat
transfer in thin-film materials. It has been shown that with surface radiation absorption and with the grating
period A less than film thickness, relaxation time of a transient grating is determined by thermal diffusivity of film
in the direction along the film surface. Rising up the value of A is accompanied by transition to the effective value
of thermal diffusivity of the system film substrate. If the period A much greater than the film thickness we can
go to measurements of thermal diffusivity of the substrate. Of particular interest is the acoustic wave identifi-
cation in the near-surface layer of the air. It offers a unique possibility to measure the frequency and speed of
ultrasound, enabling one to film temperature estimation at the moment of it heating by a laser beam radiation.

bubnauorpaduyeckne ccblIKU

1. Jackson WB, Amer NM, Boccara AC, Fournier D. Photothermal deflection spectroscopy and detection. Applied Optics. 1981,
20(8):1333-1344. DOI: 10.1364/A0.20.001333.

2. Rosencwaig A, Opsal J, Smith WL, Willenborg DL. Detection of thermal waves through optical reflectance. Applied Physics
Letters. 1985;46(11):1013-1015. DOI: 10.1063/1.95794.

3. Miklos A, Lorincz A. Determination of thermal transport properties of thin metal films from pulsed thermoreflectance measure-
ments in the picosecond regime. Applied Physics B. 1989;48(3):261-267. DOI: 10.1007/BF00694357.

4. MarynoB AH. Jlazepnas mepmomempus meepovix men. Mocksa: Gusmariut; 2002. 222 c.

5. Tolstik AL, Dadenkov IG, Stankevich AA. Spatial modulation spectroscopy of semiconductors using dynamic gratings. Jour-
nal of Optical Technology. 2022;89(5):250-254. DOI: 10.1364/JOT.89.000250.

6. Tonctux AJl, UBakun EB, JlanenkoB UI. IIpeoOpa3oBanne CBETOBBIX IYYKOB U TUATHOCTHKA MaTEPHAaIOB METONAMH JHWHA-
MHU4ecKoi ronorpadun. JKypran npuxinaonoii cnexmpockonuu. 2023;90(2):316-323. DOI: 10.47612/0514-7506-2023-90-2-316-323.

7. Ivakin EV. Laser diffraction relaxmeter for studying photoexcitation kinetics in condensed media. Journal of Optical Technology.
2000;67(11):951-954. DOI: 10.1364/JOT.67.000951.

8. Ivakin EV, Kisialiou IG, Antipov OL. Laser ceramics Tm : Lu,O;. Thermal, thermo-optical, and spectroscopic properties. Op-
tical Materials. 2013;35(3):499-503. DOI: 10.1016/j.optmat.2012.10.002.

9. Ivakin EV, Tolstik AL, Gorbach DV, Stankevich AA. Investigation of heat transfer of bulk and thin-film PbInTe samples by the
method of dynamic gratings. Journal of Engineering Physics and Thermophysics. 2022;95(4):1026—1030. DOI: 10.1007/s10891-022-
02568-x.

10. Kading OW, Skurk H, Matthias E. Thermal diffusivities of thin films measured by transient thermal gratings. Journal de Phy-
sique 1V. 1994;4:619-622. DOI: 10.1051/jp4:19947146.

11. Rogers JA, Yang Y, Nelson KA. Elastic modulus and in-plane thermal diffusivity measurements in thin polyimide films using sym-
metry-selective real-time impulsive stimulated thermal scattering. Applied Physics A. 1994;58(5):532-534. DOI: 10.1007/BF00332448.

12. Kading OW, Skurk H, Mazhev AA, Matthias E. Transient thermal gratings at surfaces for thermal characterization of bulk
materials and thin films. Applied Physics A. 1995;61(3):253-261. DOI: 10.1007/BF01538190.

13. Shamsa M, Liu WL, Balandin AA, Casiraghi C, Milne WI, Ferrari AC. Thermal conductivity of diamond-like carbon films.
Applied Physics Letters. 2006;89(16):161921. DOI: 10.1063/1.2362601.



OnTHKA U CIEKTPOCKOTHSI
Optics and Spectroscopy

14. Yun SI, Oh K-D, Ryu K-S, Kim C-G, Park HL, Seo HJ, et al. Photothermal probe beam deflection measurement of thermal
diffusivity of atmospheric air. Applied Physics B. 1986;40(2):95-98. DOI: 10.1007/BF00694781.

15. Parashchuk T, Dashevsky Z, Wojciechowski K. Feasibility of a high stable PbTe : In semiconductor for thermoelectric energy
applications. Journal of Applied Physics. 2019;125(24):245103. DOI: 10.1063/1.5106422.

16. Bapragtuk Hb. Cnpasounux no mennoghuzuueckum ceoticmeam 2azos u sicuokocmeii. Mocksa: [0cynapCTBEHHOE U3IATEITLCTBO
(puzuKo-MareMaTHueCcKoil ureparypsl; 1963. 707 c.

17. Collier RJ, Burckhardt CB, Lin LH. Optical holography. New York: Academic Press; 1971. 605 p.

References

1. Jackson WB, Amer NM, Boccara AC, Fournier D. Photothermal deflection spectroscopy and detection. Applied Optics. 1981;
20(8):1333-1344. DOI: 10.1364/A0.20.001333.

2. Rosencwaig A, Opsal J, Smith WL, Willenborg DL. Detection of thermal waves through optical reflectance. Applied Physics
Letters. 1985;46(11):1013-1015. DOI: 10.1063/1.95794.

3. Miklos A, Lorincz A. Determination of thermal transport properties of thin metal films from pulsed thermoreflectance measure-
ments in the picosecond regime. Applied Physics B. 1989;48(3):261-267. DOI: 10.1007/BF00694357.

4. Magunov AN. Lazernaya termometriya tverdykh tel [Laser thermometry of solids]. Moscow: Fizmatlit; 2002. 222 p. Russian.

5. Tolstik AL, Dadenkov IG, Stankevich AA. Spatial modulation spectroscopy of semiconductors using dynamic gratings. Jour-
nal of Optical Technology. 2022;89(5):250-254. DOI: 10.1364/JOT.89.000250.

6. Tolstik AL, Ivakin EV, Dadenkov IG. Light beam transformation and material diagnostics by dynamic holography method.
Zhurnal prikladnoii spektroskopii. 2023;90(2):316-323. DOI: 10.47612/0514-7506-2023-90-2-316-323. Russian.

7. Ivakin EV. Laser diffraction relaxmeter for studying photoexcitation kinetics in condensed media. Journal of Optical Technology.
2000;67(11):951-954. DOI: 10.1364/JOT.67.000951.

8. Ivakin EV, Kisialiou IG, Antipov OL. Laser ceramics Tm : Lu,0O5. Thermal, thermo-optical, and spectroscopic properties. Op-
tical Materials. 2013;35(3):499-503. DOI: 10.1016/j.optmat.2012.10.002.

9. Ivakin EV, Tolstik AL, Gorbach DV, Stankevich AA. Investigation of heat transfer of bulk and thin-film PbInTe samples by the
method of dynamic gratings. Journal of Engineering Physics and Thermophysics. 2022;95(4):1026—1030. DOI: 10.1007/s10891-022-
02568-x.

10. Kading OW, Skurk H, Matthias E. Thermal diffusivities of thin films measured by transient thermal gratings. Journal de Phy-
sique 1V.1994;4:619-622. DOI: 10.1051/jp4:19947146.

11. Rogers JA, Yang Y, Nelson KA. Elastic modulus and in-plane thermal diffusivity measurements in thin polyimide films using sym-
metry-selective real-time impulsive stimulated thermal scattering. Applied Physics A. 1994;58(5):532-534. DOI: 10.1007/BF00332448.

12. Kading OW, Skurk H, Mazhev AA, Matthias E. Transient thermal gratings at surfaces for thermal characterization of bulk
materials and thin films. Applied Physics A. 1995;61(3):253-261. DOI: 10.1007/BF01538190.

13. Shamsa M, Liu WL, Balandin AA, Casiraghi C, Milne WI, Ferrari AC. Thermal conductivity of diamond-like carbon films.
Applied Physics Letters. 2006;89(16):161921. DOI: 10.1063/1.2362601.

14. Yun SI, Oh K-D, Ryu K-S, Kim C-G, Park HL, Seo HJ, et al. Photothermal probe beam deflection measurement of thermal
diffusivity of atmospheric air. Applied Physics B. 1986;40(2):95-98. DOI: 10.1007/BF00694781.

15. Parashchuk T, Dashevsky Z, Wojciechowski K. Feasibility of a high stable PbTe : In semiconductor for thermoelectric energy
applications. Journal of Applied Physics. 2019;125(24):245103. DOI: 10.1063/1.5106422.

16. Vargaftik NB. Spravochnik po teplofizicheskim svoistvam gazov i zhidkostei [Handbook on thermophysical properties of gases
and liquids]. Moscow: Gosudarstvennoe izdatel’stvo fiziko-matematicheskoi literatury; 1963. 707 p. Russian.

17. Collier RJ, Burckhardt CB, Lin LH. Optical holography. New York: Academic Press; 1971. 605 p.

Received 02.04.2023 / revised 05.05.2023 / accepted 11.05.2023.



