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Abstract: Information on the thermal properties of materials is very important both in fundamental physical research
and in engineering applications. The development of materials with desirable heat transport properties
requires methods for their experimental determination. In this paper basic concepts of the measurement of
parameters describing the heat transport in solids are discussed. Attention is paid to methods utilizing non-
stationary temperature fields, especially to photothermal methods in which the temperature disturbance in
the investigated sample is generated through light absorption. Exemplary photothermal measuring tech-
niques, which can be realized using common experimental equipment, are described in detail. It is shown
that using these techniques it is possible to determine the thermal diffusivity of bulk transparent samples,
opaque and semi-transparent plate-form samples, and the thermal conductivity of thin films deposited on
thick substrates. Results of the investigation of thermal diffusivity of the ground in the polar region, which is
based on the analysis of the propagation of the thermal wave generated by sun-light, are also presented.
Based on chosen examples one can state that photothermal techniques can be used for determination of
the thermal properties of very different materials.
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1. Introduction

The knowledge of thermal properties of materials is veryimportant both in fundamental physical research and inengineering applications. In solid state physics investi-gations of the thermal conductivity give information aboutlattice dynamics in crystalline solids. In the case ofconducting materials an analysis of the heat transportalso allows us to acquire information about charge car-
∗E-mail: Jerzy.Bodzenta@polsl.pl

riers and interactions between phonons and carriers sys-tems [1]. A present-day technology demands materials ofwell-defined thermal conductivity. The challenge in de-velopment of material science is to produce structures withextremely high thermal conductivity for effective heat ab-straction and extremely low thermal conductivity for ther-mal barriers. Overheating limits performance of electronicdevices and lasers. The development of materials withhigh thermal conductivity and methods of effective cool-ing is therefore an important task [2]. On the other handthere are also devices in which a good thermal insulationplays a key role. For example, to avoid overheating, gasturbine blades are covered with special coatings being
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thermal barriers [3]. The development of materials withdesirable heat transport properties requires a knowledgeof the mechanisms of heat transport, but also requires ex-perimental methods for determination of thermal proper-ties.Several interesting possibilities for the determination ofheat transport properties are possible based upon analy-sis of a propagation of non-stationary temperature fieldsin a sample, especially those which use a light for the gen-eration of the disturbance of temperature field – i.e. pho-tothermal methods. The aim of this paper is to presentselected photothermal measuring methods used for de-termination of the thermal diffusivity or the thermal con-ductivity of bulk materials and thin films. The majorityof methods presented in this paper apply the mirage ef-fect for detection of the temperature disturbance. Thisdetection technique is quite convenient in the laboratoryexperiments. There are also other techniques which canbe use for signal detection, such as infrared radiometry -the most popular technique in industrial application, pho-toacoustic detection, temperature-modulated reflectance,semiconductor temperature sensors, thermocouples, etc. Amore detailed review of experimental techniques used inphotothermal measurements can be found elsewhere [4].The next section is devoted to general characterizationof experimental techniques used for determination of pa-rameters describing the heat transport in solids, i.e. thethermal conductivity and the thermal diffusivity. Specialattention is paid to methods based on non-stationary heatfluxes and among them, to the methods utilizing a prop-agation of the periodical temperature disturbance in thesample - thermal wave methods. A few examples of ther-mal wave methods allowing measurement of the thermaldiffusivity of bulk samples and the thermal conductivity ofthin films are described. The section ends with an exampleof the application of thermal waves generated by sun-lightfor the investigation of the ground in polar regions. Gen-eral conclusions on the usability of photothermal methodsfor determination of thermal properties, their advantagesand limitations, and also possibilities for further develop-ment conclude the paper.
2. Concepts of measurement of
heat transport parameters in solids
The heat transport in solids is described by the Fourierlaw [5]

~jQ = −κ ~∇T, (1)where ~jQ is the heat flux density, T is the temperatureand κ is the thermal conductivity tensor. In the case of

isotropic materials or in geometries for which the heatflux density ~jQ has the same direction as the temperaturegradient ~∇T , the thermal conductivity tensor in Eq. (1)can be substituted for the thermal conductivity κ. In thisform the Fourier law is the basis of steady-flux meth-ods for thermal conductivity measurements. As it followsfrom Eq. (1), to determine the thermal conductivity onehas to measure the temperature gradient in the sampleand the heat flux corresponding to it. The second taskis not easy, and very often comparative techniques areused. There are three steady-flux standard methods fordetermination of the thermal conductivity of solids: theguarded-comparative-longitudinal heat flow technique [6],the heat flow meter technique [7, 8], and the guarded hot-plate technique [9, 10].The Fourier law can not be applied for the description ofnon-stationary temperature fields. For this purpose theFourier-Kirchhoff equation.
ρc∂T∂t = ~∇

(
κ ~∇T

) + q (2)
is used. In the last equation ρ is the mass density, c is thespecific heat, and q is the density of volume heat sources.In the case of isotropic and homogeneous medium, Eq. (2)can be rewritten in the form

∂T
∂t = α ~∇2T + q

ρc , (3)
where α = κ

/(ρc) is the thermal diffusivity. Therefore inmeasuring techniques based on analysis of non-stationarytemperature fields the thermal diffusivity is usually deter-mined. Probably the most popular technique of this kindis the flash method. It was developed in 1961 by Parker et
al. [11] and today it is the standard method for determina-tion of the thermal diffusivity of solids [12, 13]. The flashmethod is an example of the pulse photothermal technique,where the sample to be investigated is heated by a shortlight pulse and the thermal diffusivity is deduced from thetime evolution of the temperature field.The thermal diffusivity can be also determined from ananalysis of the propagation of periodical temperature dis-turbance in a sample – a thermal wave. The thermal wavearises when periodic heat sources exist in the sample [5].In 1D model the temperature disturbance connected withthe thermal wave propagating in a positive direction alongthe x axis is given by the equation

θ = θ0 exp(−√πf
α x
)cos(2πft −√πf

α x + φ0
)
, (4)
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where θ0 is the amplitude of the thermal wave, f is its fre-quency, and φ0 is the initial phase. In thermal wave meth-ods for the determination of the thermal diffusivity basedupon two effects. In the simplest case the amplitude andthe phase of the thermal wave are registered as functionsof the distance from a source of the wave. An analysisof the amplitude decay and the phase delay allows thecalculation of the thermal diffusivity. The second possi-bility is based upon observations of the interference of thethermal wave in a plate-form sample. Thermal waves, likeother waves, reflect at boundaries of different media [14]and interfere [15]. Because of heavy damping, they do notcreate standing waves, nevertheless effects caused by theinterference can be observed experimentally. Examples ofmeasuring techniques based on both mentioned effects aredescribed in the next section.Nowadays technology widely utilizes thin films depositedon different substrates. In many cases the thermal prop-erties of such films play a very important role and must beknown. The thermal conductivity, especially in the caseof dielectric materials, is strongly dependent upon inter-nal structure. As a result the thermal conductivity of thinfilms can be completely different from that of the bulk ma-terial [16]. This is why methods for determination of thethermal properties of thin films are in demand. Standardphotothermal techniques cannot be used for this purpose.Characteristic times measured in pulsed techniques (e.g.the flash method) are proportional to the square of thesample thickness and inversely proportional to the ther-mal diffusivity τ ∝ d2/α . For 100 nm thick film with athermal diffusivity of 10−4 m2/s, the characteristic time isof the order of 100 ps. The pulse generating the tempera-ture disturbance should be at least 10 times shorter. So,picosecond light sources and very fast registration of tem-perature changes are required in the experiment. In “clas-sical” thermal wave measurements the wavelength of thethermal wave should be comparable with the thickness ofthe investigated film. Using data taken for the evaluationof the characteristic time of pulse measurements one canfind that the thermal wave frequency should be of the or-der of 100 GHz. Thermal wave experiments are practicallyrestricted to frequencies lower than 100 MHz. Therefore,new measuring concepts are needed for characterizationof thermal properties of thin films.An interesting variant of the flash technique was proposedfor the determination of the thermal diffusivity of thin metalfilms [17]. This method utilizes picosecond light pulsesfor either the generation of temperature disturbance orthe observation of time evolution of the temperature fieldin the sample. For this reason the dependence of thereflection coefficient of the sample surface on tempera-ture is used. The method is known as the picosecond re-

flectance thermometry. Its theoretical model can be foundin Ref. [18].The concept of the picosecond reflectance thermometry isquite simple, with the main drawback being the expen-sive equipment required. But there is also a more funda-mental problem connected with investigation of very fastprocesses of heat transport - a proper interpretation ofexperimental data. As noted in the review paper [19], theconcept of the temperature is based on an assumption ofequilibrium within the system. The temperature is pro-portional to the internal energy of the system and differ-ent subsystems of it have the same temperature. Duringfast processes different subsystems (e.g. electrons andphonons) may not be in equilibrium and can be character-ized by different temperatures. Therefore the question ofapplicability of the classical models to such system arises.Another approach to the determination of the thermalproperties of thin films is also possible. A film with athickness much smaller than the wavelength of the thermalwave, deposited on a thick substrate, has practically noeffect on the propagation of the thermal wave (i.e. does notcause considerable amplitude or phase changes). But suchfilm changes boundary conditions. It was mentioned abovethat the thermal wave reflects from boundaries. So, it mayalso change reflection of the thermal wave at the bound-ary. This idea is the basis of the method for measurementof the thermal conductivity of thin films presented in thenext section.
3. Selected measuring techniques

As it was mentioned in the introduction, the majority ofmeasuring techniques described in this section utilizes mi-rage effect for detection of the temperature disturbance inthe sample or its surrounding. The mirage effect consistsin the deflection of light passing through a region withtemperature gradients. Because the refractive index de-pends on temperature, the temperature gradients causegradients of refractive index, and as a consequence thelight beam passing through such a region deflects. Thedeflection signal carries information about the tempera-ture gradients. The possibility of application of the mi-rage effect for signal detection in photothermal measure-ments was proved by Boccara et al. [20] and Murphy andAamodt [21]. A probing beam passes through the regionin which the thermal wave is propagating and its deflec-tion beam gives information about the amplitude and thephase of the thermal wave. Although detailed theoret-ical modelling of this detection method is quite compli-cated [22, 23], the simplified single ray model for inter-pretation of experimental results is often acceptable [23].
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According to this model the deflection of the probing beamis proportional to the temperature gradients integratedalong the path of the probing beam. In vector notation theprobing beam deflection is [24]
~ψ = ∫

Γ
1
n
dn
dT

~∇T × d~Γ, (5)
where n is the refractive index and Γ is the probing beampath. Two components of the deflection are typically con-sidered – normal and tangential to the sample surface.This model was used for interpretation of experimental

data presented in this paper.
3.1. Measurement of the thermal diffusivity of
transparent materials

In the case of transparent samples the probing beam goesdirectly through the sample. Its deflection gives infor-mation about the temperature gradient caused by heatsources existing in the system. Two variants of experi-ment were used, as it is shown in Fig. 1.

Figure 1. Variants of experiments for determination of the thermal diffusivity of bulk, transparent samples: the photothermal experiment (a), and
experiment utilizing Peltier element for generation of the thermal wave (b).

They differ in the way the thermal wave is generated inthe sample. In the case shown in Fig. 1a one samplewall is covered by a thin film of light absorbing material(e.g. graphite). This wall is illuminated by the intensitymodulated light from a laser diode, resulting in periodicalheating of the sample. In the geometry shown in Fig. 1ba Peltier element powered by alternating current is usedfor the same purpose. This element provides a periodicalheating and cooling of one sample wall. In both casesthe thermal wave generated at one wall propagates intothe sample. The modulation frequency is chosen in sucha way that the sample is thermally thick. This means thatthe sample thickness is bigger than the thermal diffusionlength (α/πf )1/2. The thermal diffusion length is a distanceat which the amplitude of the thermal wave diminishes
e-times. The amplitude and the phase of the deflectionsignal are measured as functions of the distance from theheated wall. Because the amplitude of the signal is moresensitive to possible instability in the measuring setupthan the phase, determination of the thermal diffusivity

of the sample is typically based upon the analysis of thephase of the signal. Using the 1D model to describe thepropagation of the thermal wave, the phase of the probingbeam deflection should follow the equation
φ (x) = −√πf

α x + φc, (6)
where x is the distance from heated wall, and φc is aconstant. Fitting the straight line to the dependence φ(x)one obtains the thermal diffusivity of the sample in thedirection of the propagation of the thermal wave.Exemplary results illustrating capabilities of both de-scribed variants can be found in Refs. [25–27]. The authorsinvestigated selected single crystals used in laser technol-ogy: yttrium aluminium garnet (YAG), yttrium orthovana-date (YVO4), lithium niobate (LiNbO3), and gadoliniumcalcium oxoborate (GdCOB). Crystals were doped withrare-earth elements and metals. Investigated crystalshave different symmetry; YAG has a cubic structure, YVO4belongs to the tetragonal system, LiNbO3 belongs to the
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trigonal system and GdCOB is the monoclinic crystal. Thethermal diffusivity of cubic crystals is characterized by asingle coefficient, while in the case of tetragonal and trigo-nal crystals two coefficients corresponding to the directionof c axis and the direction perpendicular to it should bedetermined. The thermal diffusivity of monoclinic systemcan be fully described by three coefficients measured fordirections of axes of the optical indicatrix.Only selected results of measurements are presented here.Dependencies obtained in investigation of Dy:LiNbO3,carried out in the geometry from Fig. 1a, are shown inFig. 2a. Results obtained in the geometry presented inFig. 1b for GdCOB are shown in Fig. 2b. In both casesexperimentally determined curves contain parts which canbe fitted with a straight line as described by Eq. (6). Inexperiments with optical generation of the thermal wavemodulation frequency did not exceed 20 Hz, while in ex-periments utilizing the Peltier element the upper limit ofthe modulation frequency was 0.4 Hz. It can be noticedthat slopes of lnA and φ dependencies on x for the samemodulation frequency are practically identical (Fig. 2a).This confirms the correctness of the theoretical model ofthe measurement.It is important to note that the presented measuring tech-niques are fully non-destructive and are based on simpletheoretical models. The accuracy of measurement is com-parable with other thermal techniques.Determined thermal diffusivities of enumerated crystalsmeasured for different directions in the crystallographicstructure and different kinds and concentration of dopantsare collected in Fig. 3 and Fig. 4. Measurements re-vealed considerable anisotropy of the thermal diffusivityin tetragonal, trigonal and monoclinic crystals. The gen-eral rule is that dopants introduced into the crystal struc-ture cause a decrease in the thermal diffusivity. For heavydoped crystals this decrease can even reach (30÷40)% ofthe value for pure crystal. Only for LiNbO3 crystals lightlydoped with Cu and Fe the thermal diffusivity remains prac-tically unchanged (taking into account the measuring un-certainties). More detailed analysis of these results in-cluding consideration of possible mechanisms of the in-fluence of dopants on the thermal diffusivity can be foundelsewhere [28].
3.2. Measurement of the thermal diffusivity of
plate-form samples

Measuring techniques used for the determination of thethermal diffusivity of plate-form samples can be dividedinto two groups. The first group comprises techniquessimilar to those presented in previous subsections. Thegeometry of measurements is shown in Fig. 5.

a)

b)

Figure 2. Exemplary experimental data obtained for: main crystal-
lographic directions of Dy doped LiNbO3 in the geometry
shown in Fig. 1a at two modulation frequencies (a), and
X direction of the optical indicatrix of pure gadolinium cal-
cium oxoborate. Straight lines fitted to experimental data
are also shown.

The thermal wave is generated at the sample surface bythe intensity modulated light. It is assumed that thesample is opaque and the light is absorbed in the verythin subsurface layer. The temperature disturbance prop-agates through the sample and it is detected on the oppo-site sample surface. The problem of temperature distribu-tion in such a configuration was analyzed elsewhere [29].The distribution of the harmonic component of the tem-
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Figure 3. The thermal diffusivities of pure and doped YAG, YVO4
and GdCOB single crystals determined in selected crys-
tallographic directions.

Figure 4. The thermal diffusivities of pure and doped LiNbO3 sin-
gle crystals in the directions perpendicular and parallel to
crystallographic c axis.

perature in the sample is described by the equation
T (x, t) = −Aκ

√
α2iπf cosh (√ α2iπf (d − x))sinh (√ α2iπf d) exp (2iπft) ,(7)where A is a constant related to an amplitude of the distur-bance of the temperature field. It is assumed that the ther-mal wave propagates in the sample in the positive direc-tion of the x axis and the power beam illuminates the plane

x = 0. At higher frequencies, for which √πf/αd > 1.5,the temperature of the plane x = d can be described bythe simplified formula
T (d, t) = −Aκ

√
α2iπf exp(−i√πf

α d
)exp (2iπft) , (8)

From this it is determined that the phase of the tempera-ture disturbance at x = d linearly depends on f1/2.Two methods of signal detection are used – photoacous-tic detection (Fig. 5a) and infrared radiometry (Fig. 5b).In the first case the sample is attached to a small pho-toacoustic cell. Changes of sample temperature are con-veyed to the gas in the cell causing periodic pressurechanges, which are registered by sensitive microphones.In the second case determination of the sample temper-ature is based on the detection of heat radiation comingfrom the sample by an infrared radiation detector. Thechoice of the detection method in a specific experimentis connected mainly with the emissivity of the sample tobe investigated. The results obtained by both techniquesare practically identical. As it follows from Eq. (7) themeasured signal is the function of the square root of themodulation frequency. The determination of the thermaldiffusivity comes down to the fitting of a straight line to thephase dependence on f1/2. Exemplary results obtained forcopper and lead plates using different detection methods
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Figure 5. Variants of experiment for determination of the thermal dif-
fusivity of opaque plate-form samples with photoacoustic
(a) and IR radiometry (b) detections.

are shown in Fig. 6. In the case of copper experiment werecarried out for 515 µm and 1015 µm thick samples. Ac-cording to Eq. (8) the slope should be directly proportionalto the sample thickness, which is clearly demonstrated inthe respective figures below.The thermal diffusivities obtained for selected metal platesusing the described method are collected in Tab. 1. Valuesof the thermal diffusivity calculated from textbook data [30]are also placed for comparison. There is a very goodagreement between our results and literature data.The second group of measuring techniques allowing de-termination of the thermal diffusivity of samples is basedupon the interference of the thermal waves in plate-formsample. These methods are described in detail else-where [31]. The basic idea is that the thermal wave gen-erated at one sample surface travels to the opposite sur-face, reflects on it and interferes with the incidence wave.

a)

b)

Figure 6. Exemplary dependencies of signal phase on f ′′ measured
for two copper plates 515 µm (+) and 1020 µm (•) thick
using photoacoustic detection (a) and 82 µm thick lead
plate using infrared radiometry (b). Straight lines fitted to
experimental points are also shown.

The temperature distribution in the sample is a result ofthis interference. In the case of the plate-like sample thetemperature distribution is described by Eq. (7). In our in-vestigations methods based on the interference of thermalwaves were used mainly to determine the thermal diffusiv-ity of semiconductor wafers. In the case of opaque samples(or samples coated with an opaque film) experiments werecarried out in the geometry shown in Fig. 7a. The tem-perature disturbance was detected in the air above thesample as the function of f1/2. Exemplary dependenciesobtained for 520 µm thick undoped Si wafer are shown inFig. 8a. The analysis of the signal was performed in twosteps. At the beginning, basing on the high frequency partof the measured dependence, the signals were correctedfor the influence of the air layer between the sample sur-face and the probing beam. Then theoretical curves werefitted to the amplitude and the phase of the measured sig-
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Table 1. Thermal diffusivities of selected metals. For comparison,
values calculated based on data on the density ρ, the spe-
cific heat c and the thermal conductivity κ from Ref. [30],
and equation α = κ/(ρc) are also placed in the table.

Metal Meaurement Literature [30]Pb (99.9%) 0.246(13) cm2/s 0.24 cm2/sTi (99.7%) 0.0926(82) cm2/s 0.093 cm2/sNi (99.98%) 0.206(10) cm2/s 0.23 cm2/sCu (99.999%) 1.052(48) cm2/s 1.16 cm2/sAg (99.9%) 1.92(32) cm2/s 1.74 cm2/s

Figure 7. Variants of experiments for the thermal diffusivity measure-
ments for opaque (a) and semi-transparent (b) plate-form
samples. Both variants based on signal detection utilizing
the mirage effect.

nal (Fig. 8b) and the thermal diffusivity of the sample wasdetermined.The geometry shown in Fig. 7b was used for investigationof semi-transparent wafers (e.g. SiC). Detailed descrip-tions of the method can be found elsewhere [32, 33]. Inthis paper only the basic idea of the method is presentedand is illustrated by exemplary results. The differencefrom the previously described method consists in carryingout measurements in two configurations – for the probingbeam passing over and under the sample. As in the pre-viously described method, the amplitude A and the phase
φ of the deflection is measured as a function of f 1/2. Then

Figure 8. The amplitude and the phase of the probing beam de-
flection measured for 520 µm thick Si wafer in geometry
shown in Fig. 7a (a), and corrected dependencies fitted
with theoretical curves (b).

the ratio of these two signals written as complex functionsof the form A(f 1/2)exp[iφ(f 1/2)] was calculated and theo-retical curves were fitted to the real and the imaginaryparts of this ratio. Exemplary dependencies obtained forsingle crystal 6H SiC sample are shown in Fig. 9. Thissample was a 880 µm thick plate. Because of the rela-tively low optical absorption of the sample the signals arequite noisy. The thermal diffusivity and the optical ab-sorption coefficient of the sample were obtained from themultiparameter fitting procedure. Uncertainties of deter-mined parameters were evaluated basing on the criterionof a twofold increase of a goal function from its minimumvalue. A few results measured for different SiC samplesare collected in Tab. 2.
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Figure 9. The real and the imaginary part of the ratio of signals mea-
sured in the geometry shown in Fig. 7b for single crystal
of 6H SiC. Fitted theoretical curves are also shown.

The samples can be divided into two groups: polycrys-talline wafers (samples #1 - #3) and single crystals (sam-ples #4 and #5). The samples #1 and #2 were cutfrom the same wafer but contain different concentrationsof structural defects. Sample #3 was produced by an-other manufacturer. It can be seen that defected samplehas considerably lower thermal diffusivity. Supplemen-tary investigation revealed that sample #3 has also higheroptical absorption than samples #1 and #2. So, the dif-ferences in the thermal properties of investigated samplesare probably caused by different grain structures and con-centration of structural defects. Values obtained for singlecrystal samples are much higher than those for polycrys-talline wafers. The uncertainty of these measurements isabout 10%. A more detailed description of the method canbe found elsewhere [33].

Table 2. The thermal diffusivity α and the optical absorption γ of SiC
wafers with different crystalline structure. The uncertainty
of determined thermal diffusivities is about 10%, while the
uncertainty on the optical absorption is about 25%. All poly-
crystalline samples had thicknesses of about 500 µm, while
the single crystal samples were about 900 µm thick.

Sample Description α
[cm2/s] γ

[cm−1]
#1 poly-SiC (4H),manufacurer #1,high quality 0.51 24

#2 poly-SiC (4H),manufacurer #1,with defects 0.24 18

#3 poly-SiC (4H),manufacurer #2 0.22 70
#4 SiC (6H) 1.4 18#5 SiC (6H) 1.15 13

3.3. Investigation of the thermal properties of
thin films
As it was stated in Section 2, determination of the thermalproperties of the thin film deposited on the thick substrateis a complex measuring problem. The main reason is thatthe effective thermal properties of thin film – substratesystem is practically not affected by the thin film. Let usconsider a thin film of the thickness d and the thermalconductivity κf deposited on a substrate of the thickness
L and the thermal conductivity κs. The effective thermalconductivity of such a system can be written as

κeff = κfκs
d+ L

κfL+ κsd
. (9)

In the case of typical electronic structures L ∼ 500 µm and
d ∼ 0.1 µm, therefore κeff ≈ κs. This means that it is nec-essary to look for measuring techniques in which the in-fluence of the thin film on experimental dependencies willbe more pronounced. Two methods presented in this sub-section based on the influence of the thin film on bound-ary conditions at the sample – surrounding interface. Thefilm can be treated as a thermal resistance R th = d/κfat the substrate-surrounding boundary. In both cases thethermal conductivity of the thin film is deduced from thecomparison of signals measured in two geometries chosenin such a way that in one of them the influence of the thinfilm on the measured signal is negligible.The first method utilizes a 1D model of thermal wave prop-agation in the layered structure. Details of the method can
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be found in Ref. [34] - only a basic idea of this method ispresented here. Measurements were carried out in the twogeometries shown in Fig. 10. To determine the thermalconductivity of the thin film the ratio of measured depen-dencies of the deflection signals on f1/2 for both geome-tries were calculated. Then, the amplitude and the phaseof this ratio were fitted with theoretical curves. Exemplaryresults for two diamond-like carbon films deposited on Si

wafers are shown in Fig. 11. The films differ in thickness.The estimated thermal conductivity is 2.6 Wm−1K−1 forthe 1.32 µm thick film, and 2.5 Wm−1K−1 for the 0.65 µmthick film. The ratios of the photothermal signals are quitenoisy, thus the measuring uncertainty is relatively highand averages about 25%. So, values obtained for bothlayers are practically the same.

Figure 10. Experimental geometries of investigation of the thermal conductivity of thin films based on 1D propagation of the thermal wave: front
illumination a), rear illumination b).

a) b)

Figure 11. The amplitudes and the phases of the ratios of signals measured in geometries shown in Fig. 10 for two diamond-like carbon films
deposited on Si. The film thicknesses were: 1.32 µm (#1) and 0.65 µm (#2).
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The second technique, described in detail in Ref. [35], isbased on a very similar idea but the thermal wave is gen-erated by tightly focused light beam and the 3D model ofthe thermal wave propagation is used. Experiments arealso carried out in two configurations (Fig. 12). Howeverin this case the normal and the tangential components ofthe deflection of the probing beam are registered as func-tions of the distance between the axes of the generatingand the probing beams. Unfortunately it is not possible touse analytical formulas for the measured signals in normalspace. This is the reason for the transformation of mea-sured dependencies into the inverse space (wave-vectorspace). In the wave-vector space the measured signal canbe described analytically and the analysis of experimentaldata is simpler.The ratios of transformed signals, for both the normal andthe tangential components, are calculated and then thephase of these ratios is fitted with theoretical curves. Itis important in this procedure that the ratios of the trans-formed signals calculated for the normal and the tangen-tial deflection components should be the same. This factcan be used as a criterion for the correctness of measure-ment. Exemplary results obtained by described methodfor 200 nm thick HfO2 film deposited on 340 µm thick Sisubstrate are shown in Fig. 13. It is clearly seen that de-pendencies obtained for normal and tangential deflectionsare almost the same. The thermal conductivity of the thinfilm is estimated from the fitting of the theoretical curveto the dependence calculated from experimental data. Theuncertainty of this measurement is about 15%

Thermal conductivities determined by this method for dif-ferent thin films are collected in Tab. 3. Three types of thinfilms were investigated. The AlN and AlN+GaN filmswere used as passivating and antireflective coatings insemiconductor lasers. Investigated films were depositedon different substrates. Their effective thermal conductivi-ties are 2 to 3 orders of magnitude lower than thermal con-ductivities of respective bulk materials. It was also possi-ble to determine the thermal conductivity of films thickerthan 100 nm. The same concerns the ZnO film, which canbe used as transparent electric contact. HfO2 films revealhigher thermal conductivity. Investigated HfO2 films weredeposited at different concentrations of O2. The highestthermal conductivity has the film obtained at the lowest O2concentration (10%), while the lowest thermal conductivitywas found in the film obtained at 20% O2 concentration.There is no simple dependence between the oxygen con-centration and the thermal conductivity of the thin film.To explain experimentally obtained results the topogra-phy of HfO2 films was additionally investigated using anatomic force microscope (AFM). The topography imagesare shown in Fig. 14. Root-mean-squared roughness cal-culated for presented data is 1.50 nm for the 10% O2 sam-ple, 0.96 nm for the 20% O2 sample and 1.19 nm for the30% O2 sample. Lower roughness means that the layer isbuilt of smaller grains. So, the HfO2 film obtained at 10%of O2 consists of the biggest grains and it has the highestthermal conductivity, whereas the film obtained at 20% ofO2 has the smallest grains and therefore has the lowestthermal conductivity.

Figure 12. Experimental geometries of investigation of the thermal conductivity of thin films based on 3D propagation of the thermal wave: front
illumination a), rear illumination b).
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Figure 13. The ratio of signals measured in geometries shown in
Fig. 12 and transformed to the inverse space with fitted
theoretical curve. The measurement was carried out for
200 nm thick HfO2 films deposited on nSi at 10% O2 con-
centration.

Table 3. Thermal conductivity of thin dielectric films determined from
photothermal experiments.

Thin film (d [µm]) Substrate (L [µm]) κ [W/(m K)]GaN+AlN (0.220 + 0.030) Si (490) 0.070GaN+AlN (0.220 + 0.030) GaAs (410) 0.230AlN (0.270) Si (490) 0.014AlN (0.270) GaAs (410) 0.042ZnO (0.375) GaSb:Te (470) 0.160HfO2 (10% O2) (0.200) Si (340) 4.96HfO2 (20% O2) (0.200) Si (340) 1.89HfO2 (30% O2) (0.200) Si (340) 3.23

3.4. Investigation of the ground in a polar re-
gion

Thermal wave methods can be used not only at the labo-ratory scale. The results presented in this subsection con-firm the applicability of these methods for investigation ofmuch bigger objects. As an example the analysis of ther-mal waves generated in the ground by sun-light is shown.Processes of freezing and thawing of the ground in polarregions are widely investigated by geophysicists. Informa-tion about temperatures at different depths are collectedover long time periods and analyzed. Measurements pre-sented here were carried out in a tundra near the Polish

Figure 14. AFM topographic images of 200 nm thick HfO2 films ob-
tained at 10% (a.), 20% (b.) and 30% (c.) O2 concen-
trations.

Polar Station (Hornsund, SW Spitsbergen)1. The datacollected during the polar summer reveals propagation ofthe thermal wave in the ground (Fig. 15).
From the phase shifts of this thermal wave at differentdepths the thermal diffusivity of consecutive ground layerscan be estimated. It is shown that the thermal diffusivi-
1 The measuring setup used for these experiments was
developed and built by one of the authors of this paper
(JM) The equipment was placed in selected locations by
Piotr Dolnicki during his stay in the polar station.
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Figure 15. Thermal waves generated in the ground by sun-light in
the polar region. Presented curves correspond to differ-
ent depths as follows: 0.5 cm, 10 cm, 20 cm, 30 cm,
40 cm, 50 cm, 60 cm, 80 cm, and 100 cm. The bigger
depth, the lower mean temperature and the daily oscil-
lations.

ties of ground layers are related to their composition andhumidity (year period). Some preliminary results of thisanalysis are shown in Tab. 4. The uncertainty of thermaldiffusivity evaluation is about 25%. More details aboutpossibilities of use of thermal wave methods in the in-

vestigation of active permafrost layers can be found else-where [36].
4. Conclusions

Examples of different thermal wave methods presentedin this paper confirm their usefulness in investigation ofthermal properties of various materials and structures.The majority of these methods, similarly to other non-stationary thermal measurements, leads to determinationof the thermal diffusivity with an uncertainty of about 10%.As opposed to standard technical methods which requiresamples with dimensions of a few centimeters, methodsdescribed in this paper allow the measurement of thermaldiffusivity of much smaller samples, e.g. 0.5 mm thick sub-strates, which are common in semiconductor technology.It is important to note that using intensity modulated lightto induce temperature disturbance and infrared radiometryor mirage effect for signal detection fully non-contact mea-surement can be realized. In spite of simplified theoreticalmodels of measurement the methods presented here permitexamination of anisotropic samples, even single crystalsof relatively low symmetry. In this case properly orientedand cut samples are required.

Table 4. Thermal diffusivity of ground layers in tundra in selected months.

Month Depth: from 0 to 20 cmMaterial: gravel and small stones Depth: from 20 cm to 40 cmMaterial: gravel and sand Depth: bigger than 40 cmMaterial: gravel, sand, clay and rocksJun. 8.3×10−3 cm2/s 6.9×10−3 cm2/s 34×10−3 cm2/sAug. 14.2×10−3 cm2/s 11.6×10−3 cm2/s 28×10−3 cm2/sSep. 12.1×10−3 cm2/s – –

In the typical thermal wave techniques, similarly to otherwave methods, the wavelength should not be longer thansample dimensions (layer thickness). It is very difficult,and often impossible, to fulfill this requirement in thecase of thin, submicron films. The problem can be par-tially solved by analysis of the influence of a film on theboundary conditions at a sample-surrounding interface in-stead of analysis of the thermal wave propagation in thefilm Presented results confirm the usefulness of such mea-surements for determination of the thermal conductivity ofdielectric films thicker than 100 nm.
Thermal wave measurements can be realized using rea-sonably standard laboratory equipment. It is shown that

using a medium-power laser diode or a Peltier element togenerate the thermal wave and a low-power HeNe laserfor the detection of the temperature disturbance, a widerange of samples can be investigated. In peculiar casesnaturally arisen thermal waves can be also utilized Theaccuracy of the thermal wave measurement is typicallyabout 10 to 15% and is comparable with the accuracy ofother thermal techniques.
In general the theoretical description of the propagationof the temperature disturbance in inhomogeneous mediumis a rather complicated problem Nevertheless a simple 1Dmodel can very often be used for interpretation of exper-imental data. As long as the diameter of the source of
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the thermal waves (heated area) is a few times biggerthan the thermal wave length, the 1D approximation givessatisfactory results.As it is stated above thermal wave measuring methods aresuitable for investigation of films not thinner than about100 nm. The investigation of thermal properties of smallerobjects remain an unsolved problem. New possibilities inthis field are given by a short pulse lasers (the picosecondreflectance thermometry mentioned in the section 2) andscanning thermal microscopy
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