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Abstract In this paper, a complete thermal character-
ization (measurement of all static and dynamic thermal
parameters) of some selected II-VI binary crystals was
carried out. The semiconductors under investigation were
grown from the melt by high-pressure/high-temperature-
modified Bridgman method. The contact photopyroelectric
(PPE) method in back configuration and non-contact
infrared lock-in thermography technique were used in
order to get the thermal diffusivity of the investigated
crystals. The thermal effusivity of the samples was
obtained using the PPE technique in the front configura-
tion, together with the thermal wave resonator cavity
method. Knowing the values of the thermal effusivity and
thermal diffusivity, the remaining two thermal parameters,
i.e., thermal conductivity and specific heat were calculated.

Keywords II-VI binary crystals - Lock-in
thermography - PPE method - Thermal characterization
Introduction

II-VI semiconductors are considered as very promising

materials largely used as visible radiation sources in green
laser diodes, in spintronics, photodetection, and other
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applications in modern optoelectronics [1]. The binary
crystals investigated in this work (ZnSe, ZnTe, CdSe and
CdTe) can be treated as starting materials for mixed solid
solutions. From the application point of view, the main
feature of the ternary and quaternary II-VI compounds
consists in the possibility of smooth changes in bandgap
and lattice constant values [2]. Thermal characterization of
these materials is very important due to the dissipation of
the heat in miniaturized semiconducting devices. Thermal
parameters are unique for each material, being strongly
dependent on the composition, structural characteristics
and fabrication process. The aim of this paper is to perform
a complete thermal characterization of the investigated
materials by measuring/calculating all static (specific heat)
and dynamic (thermal diffusivity, effusivity and conduc-
tivity) thermal parameters. To get this, several experi-
mental techniques were used.

PPE technique has been extensively applied to the study
of thermal properties of condensed matter samples [3-6].
The major advantages of this technique are its simplicity,
high sensitivity, non-destructive character, and adaptation
on experimental restrictions for theoretical requirements. In
classical back configuration (BPPE) method, for the
investigation of solid samples, a coupling fluid must be
introduced between the sample and sensor in order to
ensure a good thermal contact. This always leads to an
error in thermal diffusivity measurement. This fact is in
agreement with the results obtained by Salazar et al. [7-9].
They have been shown that the results obtained with BPPE
technique are always underestimated due to the presence of
the coupling fluid between the sample and the sensor. The
influence of the coupling fluid in pyroelectric measure-
ments of solids becomes significant especially for high
conductive samples and at high modulation frequency of
incident radiation. One of the solutions to tackle this

@ Springer



320

K. Strzatkowski et al.

problem could be a non-contact technique as infrared lock-
in thermography.

In fact the PPE technique, in a combined back and front
configuration is able to find both thermal diffusivity and
effusivity of the investigated samples. The necessity of
using a second, non-contact technique is generated by the
presence of the coupling fluid in the PPE technique. It is
well known that the coupling fluid influences more or less
the quantitative results, depending on parameters such as
chopping frequency, thickness of various layers of the
detection cell, etc. In the front configuration, the influence
of the coupling fluid was eliminated using the thermal
wave resonator cavity (TWRC) method [10]. However, this
is not possible in the back configuration and this is why a
second non-contact technique (lock-in thermography) is
proposed in order to increase the accuracy of thermal dif-
fusivity measurements, by eliminating the influence of the
coupling fluid.

Materials and methods

The crystals under investigation were grown from the melt
by the high-pressure (150 atm of Argon) modified vertical
Bridgman method using high purity (99.995 %) powders of
ZnSe, ZnTe, CdSe, and CdTe, in a graphite crucible. The
crystal rods (1 cm in diameter) were cut into about 1.5-
mm-thick plates. The samples were first ground using the
grinding powder (Al,O3;, 10 um in diameter) and next
polished with the diamond paste (I pm). All the samples
had a cylindrical shape. The geometrical parameters of the
samples were measured with a micrometer with an accu-
racy of 10 um. The samples were weighed with a Dis-
covery OHAUS laboratory analytical balance designed to
measure small mass in the sub-milligram range (i.e., the
sensitivity of the balance is 0.1 mg).

For PPE investigations, a typical experimental setup in
the back configuration was used [11]. It consisted of a
50 mw power DPSS laser (4 = 532 nm), a 0.54-mm-thick
LiTaO; detector, provided with CrAu electrodes and a
SR830 lock-in amplifier. The reference signal provided
from the internal oscillator of the lock-in was used for the
modulation of the incident radiation. In BPPE configura-
tion, the sample (placed onto the sensor) is directly excited
with a modulated radiation. A thin layer of ethylene glycol
served as a coupling fluid between the sample and the
sensor. To protect the detector from direct illumination, a
black diaphragm was used. All samples (transparent or
opaque) have been blackened with a thin carbon layer, in
order (i) to assure the optical opacity of the transparent
samples and (ii) to avoid the influence of an optical excited
state of the semiconductor on its thermal properties (pho-
non scattering processes on free excited carriers). Because
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Fig. 1 Experimental setup for the lock-in thermography technique
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the deposited carbon layer is very thin (<1 pm) and has a
high thermal conductivity, one can neglect its influence on
the signal. The modulation frequency of the excitation
source was changed in the range of 0.2—-15 Hz.

In the front configuration (FPPE), coupled with the
thickness scanning procedure (TWRC), the radiation
source was a red He-Ne laser (Melles Griot, 35 mW,
A = 632 nm) modulated with an acousto-optical modula-
tor. A LiTaO3 crystal (with a thickness of 215 pum), coated
with a CrAu film, was used as pyroelectric sensor, and a
SR830 lock-in amplifier collected the signal from the
electrodes [12]. In this method, the laser directly illumi-
nates the sensor. The specimens were placed into the
detection cell in the back position. Ethylene glycol with
known thermal properties was inserted as coupling fluid
between the sample and the sensor. The initial thickness of
ethylene glycol was about 0.5 mm. The liquid was com-
pressed during the thickness scan procedure. The scanning
procedure was performed by a 9062 M-XYZ-PPP Gothic-
Arch-Bearing Picomotor with a single step of 6 um. The
parallelism between the backing and the sensor was
assured by means of 3-axis and 6-axis micrometric stages.

The experimental IR setup included a heat source, a
waveform generator, an infrared camera, and a computer
for data acquisition (Fig. 1). The intensity-modulated
optical stimulation (fy, = 2 Hz) was delivered by a
Nd:YAG laser (Laser Quantum OPUS, with A = 532 nm
and internally modulated power which was set at
P = 500 mW). The IR camera (FLIR 7,200 series, with a
256 x 320 pixel array of InSb detectors sensitive in the
1.5-5.1 pm wavelength range, working at a sampling fre-
quency of 100 Hz) recorded the changes in the surface
temperature of the specimens. The noise equivalent tem-
perature difference (NETD) of this camera is lower than 20
mK. The signals delivered by the infrared camera and the
reference frequency f, were sent to the lock-in detection
module incorporated into the camera, which outputs the
continuous component image (f=0) as well as the
amplitude and phase images of the f~component to a PC.
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The optical axis of the camera was perpendicular to the
investigated surface.

A glassy-like carbon (GC) type G (1 mm thickness)
with known thermal parameters was selected as a reference
sample [13]. All the measurements have been performed at
room temperature. The frequency/thickness variation and
control and the data acquisitions were computer-controlled.

Theory

The BPPE configuration cell consists of four-layers dis-
posed as follows: air/opaque sample/pyroelectric sensor/
air. Assuming a perfect thermal contact between the sam-
ple and the sensor and the one-dimensional model of the
heat propagation through the sandwich-type system, the
complex PPE signal is given by [14, 15]:

B 2VO€—GSLS 1 — e—ZGpr

= bsp 11 +Rsp6720pr _ (Rsp + e*ZGpr)g*ZGsLs

(1)

In Eq. 1, Vj is an instrumental factor, ij represents s and
p layers of the detection cell, respectively.

Rij = (bj—1)/(bj +1) (2)

is the reflection coefficient of the thermal wave at ij
interface, bjj = ei/e; and e is thermal effusivity.

oi= (1+i)a (3)

1%

is the complex diffusion coefficient.
a; is the reciprocal of the thermal diffusion length y;

a =1/ (4)
= (20/w)"? (5)

o is the angular modulation frequency and L; is the
thickness of the layer i. In order to eliminate the instru-
mental factor V,, the useful signal is normalized with
respect to the signal obtained with the empty sensor [12].
After the normalization procedure and assuming the ther-
mally thick regime for both the detector and the sample
(; < L;), one can calculate the thermal diffusivity using
the amplitude (Eq. 6) and/or the phase (Eq. 7) of the
complex signal [12]:

In|V,| = In bl asLs (6)
w\ 12

The amplitude is affected by external factors, such as
laser-intensity fluctuations and the roughness of the
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Fig. 2 The cell’s model in the front configuration for the TWRC
method

surface, whereas the phase provides more accurate results,
being independent on these external factors. For this rea-
son, the thermal diffusivity was calculated according to
Eq. 7, the excitation frequency being used as scanning
parameter.

The FPPE-TWRC configuration (see Fig. 2) consists of
four layers disposed in the following order: air/pyroelectric
sensor/coupling fluid/sample. In a one-dimensional heat
propagation model, the normalized complex PPE signal is
given by [10]:
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The main advantage of this configuration, compared to
the classical frequency scanning methods, is connected
with the possibility of controlling the type and the thickness
variation of the coupling fluid [12]. Moreover, no addi-
tional normalization is required (according to Eq. 8); nor-
malization signal is contained in the same scanning run
(thermally very thick regime for the scanned liquid) and
consequently, no additional measurement is necessary.
Basically, in this configuration, one can get the thermal
parameters of each layer of the detection cell (if the thermal
parameters of the other layers are known). In this paper, we
focused only on the thermal effusivity of the sample
inserted as backing in the detection cell. The thermal dif-
fusivity and effusivity values of the other layers [16] taken
into the theoretical calculations were (i) for LiTaOj
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Fig. 3 The BPPE phases in radians of all investigated samples as a
function of the square root of the modulation frequency, points are
experimental data and lines are linear fits

detector: 1.36 x 107® m? s~ ! and 3,660 W s m2 Kil,
(i) for ethylene glycol: 9.36 x 107 ®m?s~' and
814 Ws"> m2 K.

The theoretical model for thermal diffusivity measure-
ment of solid samples by lock-in thermography is pre-
sented below. The heat wave equation generated by a time-
periodic punctual heat source in an isotropic and homo-
geneous medium with thermal diffusivity «, can be written
as [17]:

—

T(x,1) = Toel @K

X

) (12)

where X is the thermal wave propagation direction, T, is

the surface temperature, f is the excitation frequency, ¢ is
—

the time, and k is the wave vector. The 1-D thermal dif-

fusion equation is given by:

0*T(x,t) OT(x,1)
o T o (13)

where

ki@ﬂJg (14)

For physical reasons, the thermal wave must converge at
infinity, which requires

k==~ (15)

The thermal wave can be written as follows:

T(x,1) = Toe Ve (o= V5N (16)
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Fig. 4 The phase characteristics of the glassy-like carbon (a) and
ZnSe (b) samples measured at 3 (circles) and 5 Hz (squares),
respectively, with the thickness scan procedure in the front config-
uration, points represent experimental results and /ines are theoretical
fittings

The propagation of a plane thermal wave through a
medium of the thickness x and the thermal diffusivity «
causes a phase shift A¢ (a delay in the propagation of
thermal wave as compared to a reference signal) having the
following expression:

Ap = —\/gx:ax, (17)

where a is the slope of the phase-distance graph. The
thermal diffusion length is expressed by:

=5 (18)

At a big distance from the punctual heat source, the
thermal wave can be approximated by a plane wave and
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Fig. 5 Thermal image of the phase of the glassy-like carbon (a) sample measured at 2 Hz and corresponding phase profiles (b, ¢) taken from the
thermal images, circles correspond to the measured data and lines are linear fits; b Ox axis: coordinate (pixel); Oy axis: phase (deg)

thus, the thermal diffusivity can thus be calculated
according to Eq. 18.

Results and Discussion

Figure 3 presents the behavior of the phase as a function of
the square root of the modulation frequency (in BPPE
configuration), for all investigated samples. For low fre-
quencies the curves exhibit a non-linear dependence due to
the thermally thin regime of the sample or/and the sensor.
Starting from f = 4 Hz, the sensor and all samples are
thermally thick. Consequently, linear fits have been per-
formed in the frequency range of 4-15 Hz, using the least
square method. Thermal diffusivities were calculated
according to Eq. 7.

Figure 4 reveals the phase behavior of glassy-like car-
bon and ZnSe samples, with theoretical fits, using the
thickness scanning procedure of the coupling fluid in FPPE
configuration. At 3 and 5 Hz, the sensor and the coupling
fluid are thermally thin and the sample is thermally thick,
the theoretical conditions being fulfilled. The constant
behavior of the phase in Fig. 4 is associated to the ther-
mally thick regime of the coupling fluid, and it is used for
the normalization procedure. In order to obtain the thermal
effusivity, a numerical analysis of Eq. 8 has been per-
formed (the method of least squares) with two fit param-
eters: the thermal effusivity of the backing material
(sample), and the absolute thickness of the coupling fluid
(distance between the sample and the sensor). The best
theoretical fits and obtained values of thermal effusivity are
also displayed in Fig. 4.
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Fig. 6 Thermal image of the phase of the ZnSe (a) sample measured at 2 Hz and corresponding phase profiles (b, ¢) taken from the thermal
images, circles correspond to the measured data and lines are linear fits; b Ox axis: coordinate (pixel); Oy axis: phase (deg)

Phase images for glassy-like carbon and ZnSe with the
corresponding profiles are shown in Fig. 5 (a—c) and Fig. 6 (a—
c), respectively, The impact zone of the laser is represented by
the constant phase zones. The thermal wave is propagating
continuously, normal to the observed object surface, sym-
metrically with respect to the excitation point-source. The
diameter of the laser is about 150 pm (1px = 30 pm). The
thermal wave spreads on the surface over a distance of about
3 mm around the excitation source. At this distance from the
excitation source, the spherical thermal wave can be approx-
imated by a plane wave. The phase shift +180° to —180° is
due to the displaying mode after lock-in detection. If such a
phase shift occurs, a +-360° phase-correction must be applied.
Under coordinate x = 60px and, respectively, over coordinate
x = 260px (see Fig. 5b, profile 5, for instance), the signal
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becomes noisy (meaning that the thermal wave is attenu-
ated).The useful signal is between x = 60px and x = 260px.
The thermal diffusivity was calculated from phase profiles,
according to Eq. 18.

In our experiment, the thermal diffusion length (1 mm) is
comparable to the thickness of the disk (about 1.5 mm).
Consequently, it seems that the thermally thick regime for
the sample is not fulfilled. However, as demonstrated before
Chirtoc [18], the adjacent layers of the investigated sample
can generate an effective thermal thickness of the sample
much larger than the geometrical one. In our experiment,
the sample is a self-supporting relatively thin semiconduc-
tor in air. For large thermal effusivity mismatch (in our case
the thermal effusivity is around 3,000 W " m2K!
for semiconductor and 5 W s> m 2 K~ ! for air), the



Thermal characterization of II-VI binary crystals

325

Table 1 Thermal parameters of the investigated binary crystals and the GC sample type G

ZnSe (¢) ZnTe (¢) CdSe (h) CdTe (c¢) GC G
Thermal conductivityyW m~' K~! 19 18 9 7.1 6.3
Thermal conductivity/W m~' K~ 13.4 9.31 4.55 451 6.34
Thermal diff. averaged/m? s~'x107° 6.41 75 3.57 3.1 4.15
Thermal diff. camera/m® s ™' x107° 6.73 7.87 3.6 3.14 4.4
Thermal diff. from PPE/m? s~'x107° 6.1 7.1 3.55 3.05 3.91
Thermal effusivity/W s m™ K~ 5,300 3,400 2,420 2,560 3,110
Specific heat/J kg~' K™ 420.9 235.4 239 264.3 1,075.1
Density/kg m ™ 5,016.5 5,275 5,401 5,501 1,420°

* Values taken from the literature for cubic (c) and hexagonal (h) crystal structures [19] and for the glassy-like carbon type G [13]

corresponding frequency limit is always lower (several
orders of magnitude) than the conventional calculated fre-
quency. So, at 2 Hz excitation frequency, our crystal can be
considered as thermally very thick and consequently, the
theoretical conditions are fulfilled.

The thermal parameters of all measured samples are
given in Table 1. The thermal diffusivity values obtained
from PPE and lock-in thermography are listed in separate
rows. Each sample was measured three times and the
resulted data were averaged. The thermal diffusivities
measured with PPE technique are smaller than those
measured by lock-in thermography for all specimens.
Salazar et al. [7-9] have shown that the differences are
mainly due to the presence of the coupling liquid between
the sample and the sensor. Salazar et al. proposed a method
in which transparent electrodes (ITO) are deposited on the
sensor’s surface (LiTaOs), and a self-normalization pro-
cedure is used. In doing so, the thermal diffusivity of
opaque solid samples can be measured with high accuracy.
However, using the proposed method, each sample has to
be measured in both back and front configurations.

The thermal effusivities listed in Table 1 represent the
average value of effusivities computed at two excitation
frequencies (3 and 5 Hz, respectively). The obtained values
lie within 10 % deviation of the mean. The contour maps
shown in Fig. 7 represent the precision of the fit performed
with Eq. 8 to the experimental data obtained for ZnSe
(a) and CdSe (b) crystals, respectively. The x-axis repre-
sents the error in the absolute value of the thickness of the
coupling fluid. This absolute value is not known, only the
thickness variation. The y-axis represents the thermal ef-
fusivity. The shape of the contour lines indicates the
accuracy of the results. Contour lines extended along Ox
axis indicate a good precision in thermal effusivity mea-
surement. If they extend along Oy axis, the accuracy in the
measurement of thermal effusivity is low. Circles mean
similar accuracy in obtaining both thermal effusivity and
location of the backing position. Our expertise indicates
that the accuracy of this type of investigations increases if
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Fig. 7 Contour maps of the precision of the fittings performed with
Eq. 4 to the experimental data obtained for ZnSe (a) and CdSe
(b) samples, respectively

the effusivity ratio coupling fluid/backing material goes to
1. One can see in Fig. 7 that for high backing/liquid (es/e,)
effusivity ratios, an accurate location of the backing
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material is obtained, while thermal effusivity is obtained
with low precision. This is the case of ZnSe sample, where
esles (5,300/890 W s> m™ K™') is about 6. For CdSe
sample, the ratio is two times smaller and consequently, the
precision in thermal effusivity determination increases.

It is well known that the thermal diffusivity o, effusivity
e, density p, and mass specific heat C are connected by two
relationships: o = k/(pC) and e = (kpC)"*. Consequently,
using these relationships, one can obtain the thermal con-
ductivity k and mass specific heat C. The density of the
samples was estimated from their mass and volume. The
thermal diffusivity used for calculation of other thermal
parameters was taken as average value of the results
obtained from PPE and infrared imaging techniques. The
thermal conductivities of the II-VI binary crystals are
rather different from the literature [19]. Nevertheless, the
values obtained for glassy-like carbon are in good agree-
ment with the literature data [13]. The thermal conductivity
(k=634 W m ! K_l) of the reference sample (GC) is in
very good agreement with the data from the producer
(k=63 W m~' K'). The specific heat of glassy-like
carbon, found by Pawlak et al. [11] from differential
scanning calorimetry (1,050 +2-5 % Jkg~' K™') is in
very good agreement with the result obtained in this work
(1,075.1 T kg~ ' K™h.

Thermal parameters strongly depend on the fabrication
process, in contrast to optical properties. The energy gaps
of the investigated crystals have been measured with
photoacoustic spectroscopy (using piezoelectric detection)
[20]. The obtained values of the optical parameters were
consistent with the literature data. The quality of the crystal
structure, the defects, and the concentration of impurities
strongly influence the thermal properties of semiconduc-
tors. The reported reference values of the thermal con-
ductivity are obtained for very pure crystal with low
concentration of defects. Our samples were produced by
Bridgman—Stockbarger method in which the obtained
crystals are characterized by a high electrical resistance. It
is known that the main source for this electrical resistance
is the cation vacancies. One can reduce the concentration
of these defects applying annealing procedure in cation
vapor but our samples were grown without applying such a
procedure. All these, together with the non-ideal mea-
surement conditions (assumption of one-dimensional heat
propagation, presence of the coupling fluid) can explain the
observed discrepancies between the obtained values of
thermal parameters and literature.

Conclusions

In this paper, a complete thermal characterization of II-VI
binary crystals (produced by high-pressure Bridgman

@ Springer

method) was carried out. For this purpose, several different
photothermal techniques have been applied. The thermal
diffusivity of the samples was obtained by two investiga-
tion methods: BPPE technique and IR lock-in thermogra-
phy. The thermal effusivities were measured using FPPE—
TWRC method. The remaining two thermal parameters
(thermal conductivity k and specific heat C) have also been
calculated. The thermal parameters obtained for the refer-
ence sample (GC) are in good agreement with the litera-
ture. Some inconsistencies between the thermal
conductivity of the investigated crystals obtained in this
study and the literature were found. In our opinion, this is
mainly due to the fabrication process of the crystals and to
the quality of their structure. Additional discrepancies can
be generated by non-ideal measurements conditions,
especially in BPPE configuration, where a thin (but
uncontrolled) layer of coupling fluid is needed. To over-
come this shortcoming, a non-contact technique as infrared
lock-in thermography is suitable.

The PPE technique is able to find both thermal diffu-
sivity and effusivity of the investigated semiconductors by
combining the front and back configurations. In our opin-
ion, the main advantage of the PPE method consists in its
ability of directly measuring the thermal effusivity (in the
front configuration) with high enough accuracy, using the
TWRC scanning procedure that eliminates the influence of
the coupling fluid. In the back configuration, the influence
of the coupling fluid cannot be eliminated and, conse-
quently, the values of the thermal diffusivity are underes-
timated. To tackle this problem, a non-contact technique,
such as lock-in thermography, provides an interesting
alternative investigation method. The main advantage of
the lock-in thermography is that this technique allows a
direct examination of the investigated surface, without
using any coupling fluid. By applying the lock-in ther-
mography detection, the unwanted DC component (extre-
mely sensitive to the ambient temperature fluctuations and
to the background reflections) is filtered out. The modu-
lated components of the IR emission induced at the surface
of the inspected sample by the thermal wave are then
extracted with an excellent contrast (amplitude and phase
images). Because the amplitude image is sensitive to the
surface emissivity, whereas the phase image is independent
on the quality of the surface and on the intensity fluctuation
of the excitation source, the phase image always gives
accurate results. For semi-transparent samples, the main
drawback is a low absorption coefficient of the surface
which will produce a very weak IR signal. To overcome
this shortcoming, the surface must be blackened by a very
thin conductive opaque layer (graphite). This additional
conductive layer does not influence the results at the
selected frequencies. In the same time, the requirements
imposed by the particular detection case (punctual heat
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source, thermally thick regime for the samples) must be
fulfilled.

Considering the aim with which the present study was
undertaken, it can be concluded that each method has its
advantages and shortcomings, and thus a combination of a
contact (PPE calorimetry) and non-contact (lock-in ther-
mography) technique increases the accuracy in evaluating
the thermal parameters of solids.
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