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Discussion of the scientific/artistic goal of mentioned above publications and obtained
results along with a discussion of their possible application

1. Introduction

Broadband solid solutions of 11-VI compounds are very interesting semiconductors for
both cognitive and application reasons. Their physical properties are poorly examined mainly
because of the difficult technology of their production. These materials have been used as
potential light sources [1], as magnetic materials [2], as infrared, ultraviolet, x and gamma ray
detectors [3-5], in photovoltaics [6], as ZnO-based devices [6], and in other modern
optoelectronics applications. From an application point of view the very important feature of
mixed ternary and quaternary crystals is the possibility of an almost constant change of the
value of their energy gap and lattice constant.

For many optoelectronic devices, proper heat dissipation is critical for correct
functioning. Therefore one of the most important parameters characterizing utility materials,
especially materials used in electronics, is the thermal conductivity. The phenomenon of the
thermal conductivity of crystals is a complex issue. Both, phonons (crystalline lattice) and
free carriers can be involved in the thermal conductivity. In the case of 11-VI semiconductors,
the contribution from free carriers is practically negligible [8]. The key issue in the thermal
conductivity is the rigidity of the crystalline lattice and the number of scattering centers of
phonons and carriers. Because of the high sensitivity of the thermal conductivity to the quality
of the crystalline structure, its measurement gives a straightforward information on the quality
of the material being tested. In turn, the inverse of the thermal diffusivity, called the
temperature equalization coefficient, is a very important parameter from the application point
of view because is needed in the design and construction of semiconductor devices.
Determining the thermal parameters of completely new materials is therefore very important.

All investigated crystals were obtained by modified Bridgman method in the
Semiconductor Physics Group at the Institute of Physics NCU with the lead role of the author
of the proposal on the basis of binary high purity compounds such as ZnSe, ZnS, ZnTe, CdSe,
CdS and CdTe. The main objective was to investigate the dependence of thermal parameters
on composition for individual series of ternary and quaternary crystals. Within the scope of
this work, the thermal parameters of over 50 different types of mixed crystals of I1-VI groups
have been characterized. These were the following groups of materials: binary ZnSe, ZnTe,
CdSe and CdTe, ternary: Zni;xMgxSe, Zn;xBexSe, Cd;xMnyTe, CdiZn,Te and quaternary:
CdixyZnMg,Se, Zn;.«yBexMnySe, Zni..yBeyMgySe. All of these compounds are or may be
used in modern optoelectronic devices such as lasers, light emitting diodes or detectors. The
photopyroelectric calorimetry (PPE) method in different experimental configuration was used
in order of determining the thermal parameters of the investigated crystals [9-11]. In this way,
the thermal diffusivity and the effusivity of the tested materials were determined. In order to
calculate the specific heat of the test compounds, their density was determined by geometric
and mass measurements. Finally, from the simply dependencies between thermal parameters,
the thermal conductivity was obtained. In this way, the main purpose of the work was
fulfilled, which was the complete thermal characterization of selected crystals from I1-VI



group as the function of the composition. The obtained results were analyzed using model
proposed by Adachi for mixed semiconductor crystals [12,13].

The PPE technique is a contact method and its main disadvantage in case of solid
samples is to provide good thermal contact between the sample and the detector [14-16]. In
practice, it is realized by gluing a sample to the detector with a small amount of different
types of liquids. The obtained results are usually controlled by various non-contact methods.
In this proposal, the author verified the obtained results using active infrared thermography
with a lock-in detection [17]. Another goal of this work was to adopt the PPE method in case
of 11-VI semiconductors. It has been shown that the influence of the coupling layer can be
minimized by appropriate modification of the experimental system and proper selection of the
coupling fluid. In this way, the photopyroelectric method has been satisfactorily adopted for
the thermal characterization of 11-VI crystals.

2. Theoretical background of applied measurement techniques

PPE method is based on pyroelectric detection, where the sample-detector system is
excited by intensity modulated radiation in two basic configurations (Fig. 1). In case where
the light falls directly on the sample, we are dealing with a back configuration (BPPE),
otherwise the configuration is called the front (FPPE).
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Fig. 1. Model of the experimental cell in the back and front configuration for the PPE method.
2.1 Back PPE configuration

In the BPPE configuration sample s is placed on the pyroelectric detector p and whole
system is surrounded by air. Assuming a perfect thermal contact between the sample and the
sensor and the one-dimensional model of the heat propagation through the sandwich-like
system, the complex PPE signal in back configuration is given by [9-11]:
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Where: Vj is an instrumental factor, ij represents s and p layers of the detection cell,
respectively, Rij = (b —1)/(b;j +1) is the reflection coefficient of the thermal wave at ij
interface, bjj = e; /e; and e is thermal effusivity, o = (1+i)a; is the complex diffusion



coefficient, a; is the reciprocal of the thermal diffusion length 4, ai = 1/, 1 = (2ail®)*?, wis
the angular modulation frequency and L; is the thickness of the layer i. In order to eliminate
the instrumental factor Vo was eliminated applying empty sensor normalization procedure
[11]. Assuming thermally thick regime for both the detector and the sample (i << L;), the
complex signal can be separate into amplitude (2) and phase (3):

1/2
2 w
InV,|=In -L 2
Vol =g 1 {ZQJ @
1/2
@
0, =0~ L{ZaJ @)
S

The value of thermal diffusivity can be determined using both the amplitude and the phase of
the pyroelectric signal. For this purpose, measurement should be made as a function of the
thickness of the test specimen or modulation frequency. The first type of measurement is
possible only for liquids, in the case of solids a frequency scan is performed. The thermal
diffusivity values presented in this work were obtained from the slope n of the phase plot as a
function of the square root of the modulation frequency. In this case the thermal diffusivity
can be calculated according to the following formula:

$= (4)

The results obtained from the amplitude were only considered as reference, i.e.in case of large
difference between amplitude and phase, the measurement was rejected as incorrect. The
amplitude can be affected by external factors such as laser-intensity fluctuations and the
roughness of the surface, whereas the phase is being independent on these external factors.
For this reason, the thermal diffusivity was calculated according to Eq. (4).
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Fig. 2. The model of the five layer system.



In the above formulas, the ideal thermal contact between the detector and the test sample is
assumed, omitting the effect of the coupling layer. In fact, the obtained thermal diffusivity
values are always more or less affected by the additional uncertainty resulting from the need
for a coupling liquid. In order to analyze this problem, numerous theoretical simulations based
on the 5-layer model were performed systematically (Fig. 2). Theoretical calculations were
performed on the basis of the complex equation describing such system, which was given by
Salazar [15]:
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where: V, is the normalized pyroelectric signal, R; is is the optical reflection coefficient,
indexes s, fand p refer to the opaque sample, fluid and pyroelectric sensor, respectively.

2.2 Front PPE configuration

In the front configuration, the excitation light falls directly on the pyroelectric, while
the sample acts as a heat sink. The complex pyroelectric signal after normalization using the
empty sensor procedure in this case is given by the following formula [9-11]:
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Assuming a thermally thick the detector and the sample we get:
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It can be shown that in this case amplitude V, and phase ¢, of the pyroelectric signal can be
expressed as [11]:
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The thermal effusivity of the test sample can be obtained by matching the aforementioned
theoretical relationships to the experimental points. If one knows the thermal parameters of
the test sample, it is possible to determine the thermal properties of the detector itself. For the
normalized phase using the empty sensor procedure the following relationship is true [11]:
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where f, is the frequency, where phase is crossing zero and becomes negative. This formula
enables determining the thermal diffusivity of the detector.

The disadvantage of the PPE technique especially in the back, but also in the front
configuration is the need to use a liquid coupling the sample with the detector. Ensuring a
perfect thermal contact in practice is very difficult task. Therefore, a thermal wave resonator
cavity (TWRC) technique has been developed [11,18]. In this method, the measuring cell
consists of a detector, a coupling liquid, a separator and a back layer (Fig. 3).
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Fig. 3. The model of the cell in the front configuration for the TWRC method.

In the approximation of a one-directional heat propagation the normalized complex PPE
signal is given by:
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If the backing material is air and in the same time L; is thermally thick (exp(- 203L3) ~ 0) py3
does not count and pj3; is reduced to (a separator layer becomes the backing): p;> = (1 — b3, )/(
1 + b3;). 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 [11]. Moreover, no additional normalization measurement is
required, the normalization signal is contained in the same scanning run (thermally very thick



regime for the scanned liquid). 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 work one focused only on the thermal effusivity of the sample inserted as
backing in the detection cell. The disadvantage of this technique compared to the standard
measurement in the front configuration is the higher degree of complexity of the measuring
system and the more time consuming measurement.

2.3 An active infrared thermography

As mentioned above, the need of using of coupling liquid in a pyroelectric method
introduces the uncertainty associated with the quality of the thermal contact. For this reason,
non-contact methods for the determination of the thermal diffusivity are often used to verify
obtained results. In this work, an active infrared thermography with a suitable camera with
built-in lock-in detection was used. The theoretical basis of thermography for determining the
thermal diffusivity of the tested samples is shown below.

The heat wave equation generated by a time-periodic punctual heat source in an
isotropic, homogeneous and thermally thick medium with the thermal diffusivity «, can be
written as [17,19]:

T(x,t) =T gl (12)

where x is the thermal wave propagation direction, Ty is the surface temperature, f is the
excitation frequency, t is the time and k is the wave vector. The 1-D thermal diffusion
equation is given by:
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For physical reasons, the thermal wave must converge at infinity, which requires:
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The thermal wave can be written as follows:
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The propagation of a plane thermal wave through a medium of the thickness x and the thermal
diffusivity «, trains a phase shift Ag having the following expression:
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where a is the slope of the phase-distance graph. The thermal diffusion length is expressed by:
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The thermal diffusivity of the tested sample can be calculated according to above equation.
2.4 Description of the model given by Adachi

During measurements, the thermal diffusivity and the effusivity of the investigated
crystals were obtained. It is known that all thermal parameters are related to each other. The
thermal diffusivity is given by a simple formula:

wo K (19)

where: k is the thermal conductivity, p is density and C is specific heat capacity. On the other
hand, the thermal effusivity can be expresses as:

e = (koC )2 (20)

Using both expressions one can eliminate oC factor and calculate then the thermal
conductivity from simply relation:

k =ea? (21)

In this way, the investigated in this work samples have been characterized for their thermal
properties.

In the case of I1-VI semiconductors the main contribution to the thermal conductivity
is related with a phonon mechanism [8]. Lattice thermal conductivity in the case of
semiconductor alloys requires taking into account a contribution, which is the result of a
random distribution of constituent atoms in sublattice sites. A phenomenological model of the
lattice thermal conductivity for semiconductor alloys was first proposed by Abeles [24].
However, Adachi [25,12] showed that the thermal resistivity W(x) for ternary AxB;—C alloy
can be described by simple expression:



W (X) = XW e + (1= X)Wge + X(L—X)Cp_g (22)

where: Wac and Wpgc are binary thermal resistivities and Ca.g is a contribution arising from the
lattice disorder. Eq. (22) can be easily transferred into lattice thermal conductivity K(x):
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K(X) = W(X) = XWAC + (1_ X)WBC + X(l— X)CA—B

(23)

In this work, the results obtained for the selected ternary semiconductor alloys have been
analyzed within the above model.

3. Samples and experimental setup

All the crystals, which were used for the study, were grown by high pressure and high
temperature modified Bridgman method [20] at the Institute of Physics NCU with the lead
role of the author of the proposal. The grown processes were carried out under typical argon
pressure of about 150 atm. and allowed obtaining crystals a few centimeters in length and
about 1 centimeter in diameter. Such prepared crystals were next cut into about 1.5 mm thick
plates. The samples after grounding were polished with fine polishing powder. The real
composition of the prepared samples was determined primarily by characteristic radiation
spectroscopy using the Quantax 200 spectrometer and the EDX XFlash 4010 detector. Such
prepared samples were used for pyroelectric measurements. All technological processes,
except composition investigation, were carried out at the Institute of Physics of the Nicolaus
Copernicus University.

The pyroelectric detection system, both in the back and front configurations, consisted
of a pyroelectric detector (LiTaO3 crystal plates coated with chromium and gold on both
surfaces), two-phase lock-in amplifier (SR830 or SR850) and an exciting laser (532 nm, 200
mW or 405 nm, 300 mW). The laser was electronically modulated via a TTL signal fed from
the lock-in amplifier in the frequency range of 1 to tens of Hz. Ethylene glycol was used as a
coupling liquid in the both experimental configuration. In the back configuration, a diaphragm
was used to prevent accidental illumination of the detector by exciting radiation. In addition,
the optically transparent specimens were covered with a thin layer that absorbed incident
radiation. Because the blackening layer was thin and thermally highly conductive its influence
on the obtained results was neglected. In the TWRC technique, an additional element of the
measuring system was a motor that allowed a precise change of the thickness of the coupling
fluid.

The experimental IR setup included a heat source, a waveform generator, an infrared
camera and a computer for data acquisition (Fig. 4). The intensity-modulated optical
stimulation was delivered by an Nd:YAG laser (Laser Quantum OPUS, with A=532 nm and
P=0.5 W). The IR camera (FLIR 7200 series, with a 256x320 pixel array of InSb detectors
sensitive in the 1.5-5.1 um wavelength range, working at a sampling frequency of 100 Hz)
recorded the changes in the surface temperature of the specimens.
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Fig. 4. Experimental setup for the lock-in thermography technique.

In the standard BPPE method, a modification was introduced to minimize the
influence of the thickness of the coupling layer on the obtained thermal diffusivity values [H3,
H5]. The modification consisted of pressing the test sample to the sensor by means of a disk
and three identical springs acting on the disk. The schema of the altered cell in the back

configuration is shown in Fig. 5.

0

EXCITATION BEAM

SCREW WITH SPRING |:|
SAMPLE

TEXTOLITE
DISC

SENSORWITH .~ k(D
Cr+Au ELECTRODES

SUPPORT \

STAGE

Fig. 5. Modified experimental setup for the BPPE method.

All the measurements using an infrared camera were made during a post-doctoral stay
in Cluj-Napoca, Romania. Some of the photopyroelectric measurements were also made
during the stay (about 30% presented in the publications). Rest of the PPE results were
obtained at Institute of Physics NCU after returning from the stay using experimental setup
built by the author of the proposal.
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4. Discussion of the obtained results
4.1 Binary, mixed Cd;.xyZnxMg,Se and Zn...,BexMn,Se crystals

The thermal diffusivity of the examined binary, Cd;.xyZnMgySe and Zn;.,.,Be,Mn,Se
crystals was measured in BPPE configuration and by means of active infrared thermography
[H2, H4, H8]. In order to compare the obtained results with the literature data, the thermal
properties of selected binary I1-VI crystals (ZnSe, ZnTe, CdSe and CdTe) were investigated
first. In addition, glassy-like carbon GC (type G) with known material properties and a similar
thermal diffusivity value compared to the studied semiconductors was used as reference
sample. In the case of quaternary crystals, the methodology and measurement techniques were
similar to the binary compounds. For this reason, the results of this section will be discussed
on the example of binary crystals [H2].
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Fig. 6. 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.

Fig. 6 presents the typical behavior of the phase as a function of the square root of the
modulation frequency for binary crystals and GC sample. For low frequencies the curves
exhibit a non-linear dependence due to the thermally thin regime of the sample or/and the
sensor (thickness 0.5 mm). Starting from f=4 Hz, the sensor and all samples are thermally
thick. In this case, according to theoretical predictions, the phase behaves linearly in the
function of the square root of the modulation frequency. Consequently, linear fits have been
performed in the frequency range of 4 Hz to 15 Hz, using the least square method. Thermal
diffusivities were calculated according to Eq. (4).

An active infrared thermography allowed obtaining the thermal phase images of the
tested samples. The phase picture obtained for the ZnSe sample (a) with the corresponding
phase profiles (b and c) is shown in Fig. 7.
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Fig. 7. Thermal image of the phase of the ZnSe (a) sample and corresponding phase
profiles (b,c), circles correspond to measured data and lines are linear fits.

The impact zone of the laser is represented by the constant phase zones (plateau on the

picture). The thermal wave is propagating continuously, normal to the observed object
surface, symmetrically with respect to the excitation point-source. The diameter of the laser is
about 150um (1px=30um). 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 approximated 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. 7b, profile 5, for instance), the signal becomes noisy (meaning that the
thermal wave is attenuated). The useful signal is between x=60px to x=260px. The thermal
diffusivity was calculated from phase profiles, according to Eq. (18).
The thermal effusivity of the examined crystals was obtained from the TWRC method. Fig. 8
presents the results of the phase measurement as a function of the coupling fluid thickness
obtained for the ZnSe crystal for two modulation frequencies, 3 and 5 Hz, together with
theoretical fittings. According to the theory, two modulation frequencies 3 Hz and 5 Hz were
chosen so the backing sample is thermally thick and the sensor is still thermally thin (here the
thickness of the sensor was 0.2 mm). During the thickness scanning procedure thermal
character of the liquid layer is changing from thermally thick to the thin one. In this way the
theoretical requirements are being fulfilled. The change of the thermal character of the fluid is
reflected in the course of the phase on the Fig. 8. For thermally thick regime the phase
remains constant (it is used for the normalization) and goes to the minimum when the liquid
becomes thermally thin. After the minimum is reached the phase increases very rapidly to its
maximum. The higher value of the thermal effusivity of the backing, the wider and deeper
minimum is observed as well as the difference between the minimum and maximum values in
the phase is increasing.
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Fig. 8. The phase characteristics of the ZnSe sample measured at 3 (circles) and 5 Hz
(squares), respectively with the thickness scan procedure in the front configuration, points
represent experimental results and lines are theoretical fittings of the Eq. (11).

In order to obtain the sample’s thermal effusivity, numerical calculations have been
performed, according to Eqg. (11) with two fitting parameters: the effusivity of the backing
material (sample) and the value of the absolute thickness of the fluid (distance between the
sample and the sensor). The least square method was applied for the fitting procedure.
Thermal properties of the sensor (a=1.36 x10® m%*™ i e=3660 Ws“*’m?K™) and ethylene
glycol (¢=9.36 x10® m%™ i e=814 Ws"’m2K™) were taken from the literature [21]. The best
theoretical fits and obtained values of the thermal effusivity are also displayed in Fig. 8. In
this way, the thermal effusivity of the tested materials was obtained.

Table 1 contains the thermal parameters of the tested materials. The thermal
conductivity was calculated using formula (21). In the case of binary and mixed
CdixyZnxMg,Se crystals, their specific heat was calculated in accordance with formula (19).
For this purpose, the density of the samples was determined using the assumption of their
cylindrical shape and their mass measurements by means of a precise laboratory balance.

In the case of photopyroelectric measurements and active infrared thermography,
thermal diffusivity measurements for each sample were made three times. The final results
presented in Table 1 were averaged over both measurement techniques. Standard deviations
are shown only for the selected crystal series. The results of the thermal diffusivity obtained
from BPPE were in all cases significantly lower (several percent) than in case of
thermography. This observation confirms the influence of the coupling layer on the final
results in PPE technique [14-16].
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Tab. 1 Thermal parameters of the investigated materials, the literature data are in brackets.

Conductivity k Diffusivity «  Effusivitye  Specific heat Density
Compound 1,1 2 1 6 A2 Dl I ) 3
(Wm™K7) (m°s)x10° (W-s=m“K") (Jkg—K7) (kgm™)
ZnTe 9.31 (18,[22]) 75 3400 235.4 5275
Cdse 4.55 (9.0,[22]) 3.57 2420 238.9 5401
CdTe 451 (7.1,[22]) 451 2560 264.3 5501
ZnSe 13.3 (19,[22]) 6.41 5300 420.92 5016.51
ZNg.94MQp 0sS€ 8.96 451 4220 393.02 5056.05
ZngggMgg 125e 6.35 3.17 3565 396.09 5055.12
Zng73Mgg202Se 3.27 1.9 2370 382.33 4497.13
Cdg.24ZNo.56MQ0 20S€ 2.08 1.19 1900 353.08 4926.06
Cdg.41ZN0.48Mgp 115e 2.00 1.18 1840 331.7 5103.01
Cdy.40ZNg.40Mgg.20Se 1.88 1.14 1760 346.63 4765.97
Cdg.44ZNo.35MQp 215 1.76 1.06 1710 334.66 4966.88
Cdg.31ZN0.26MQo.435€ 1.46 1.04 1440 323.46 4375.93
Cdg55ZN0.24Mgg.1Se 1.63 1.04 1600 315.47 4969.27
Cdy 622N .24Mgg.13Se 1.83 1.26 1630 277.62 5223.63
Cdo.37ZN0 21Mdo 425€ 1.71 1.03 1690 379.9 4387.16
Cdg.45Zng.1oMgg 43Se 1.49 0.99 1500 324.7 4646.78
Cdo.66ZN0 12MGo 225€ 1.94 1.10 1850 364.98 4832.92
ZNg.90Beg 05sMnNg g5Se 5.612+0.068 2.831+0.015 3322+25 - -
Zng 79Beg 0sMng 16S€ 4.044+0.046 2.252+0.012 2692424 - -
Zng 67Beg 0sMng 25Se 1.731+0.022 1.426+0.016 1454+17 - -
Zngg4Beg 11Mng g5Se 4.585+0.054 2.583+0.014 2853427 - -
Zn, 77Beg 1sMng g5Se 4.283+0.051 2.414+0.015 2760+25 - -
ZNng 69Beg 26Mng g5Se 3.546+0.042 2.151+0.014 2415425 - -
GC type G 6.34 (6.3,[23]) 4.15 3110 10751 1420

(1050,[24])

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. 9 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 represents 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 effusivity. 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
measurement. 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. The accuracy of this type of investigations increases if the
effusivity ratio coupling fluid/backing material goes to 1. One can see in Fig. 9 that for high
backing/liquid (es/e;) effusivity ratios, an accurate location of the backing material is
obtained, while thermal effusivity is obtained with low precision. This is the case of ZnSe
sample, where es/e, (5300/890 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.
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Fig. 9. 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.

Table 1 shows that the highest values of thermal conductivity are observed for binary
and mixed crystals with low concentration of added component. Adding even a few percent of
the magnesium in any mixed crystal immediately causes a significant deterioration in its
thermal properties. Thermal conductivity values differ between the binary ZnSe compound
and the mixed crystals Cdi.x.,ZnyMg,Se or Zn,.,.,BexMn,Se even by order of magnitude. The
addition of manganese, beryllium or magnesium generates significant concentrations of
various defects in these compounds, which has been confirmed experimentally [H6]. Every
imperfection of the crystal lattice becomes a potential scattering center for phonons, and
consequently the transport capabilities (heat, but also electrical) of such a crystal are greatly
reduced. Due to the problem of the heat dissipation in electronic devices, this observation is
crucial in the design of new optoelectronic devices based on any mixed compounds.

The results of the thermal conductivity for binary crystals deviate from the literature
data [22]. The differences between the values obtained and the literature data observed in this
case can be explained partially by a few facts/observations. Thermal properties are much
more sensitive to crystal growth techniques than optical parameters. The quality of the grown
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crystal, its purity, the concentration of defects are crucial here. The studied crystals were
obtained by Bridgman's method, which has the disadvantage of the high electric resistivity of
the resulting crystals due to the large concentration of cation vacancies. The obtained values
were further influenced by the non-ideal blackening of the samples and the presence of the
coupling layer between the sample and the detector.

The thermal conductivity value obtained for the GC reference sample agrees with the
data given by the producer [23]. Also, the obtained specific heat value remains in good
compliance with the differential scanning calorimetry [24]. By contrast, when comparing
literature data for thermal diffusivity and effusivity, they are respectively under and
overestimated.

Observed discrepancies between the literature and measured data prompted the author
to look more closely at the used measurement techniques. The results of the optimization
studies are presented in the next subsection.

4.2 Optimization of the experimental techniques

The effect of the coupling layer on the BPPE results is well known and has also been
investigated by other authors [14-16]. Salazar et al. have shown that due to the presence of the
coupling layer the determined thermal diffusivity of the solid sample is always
underestimated [15]. This problem is particularly important for high-conductivity samples and
for higher modulation frequencies (above tens of Hz). The proposed solutions of this problem
are primarily based on the control of the obtained photopyroelectric results by non-contact
methods, such as infrared radiometry (PTR - photothermal radiometry). The author used non-
contact active thermography with the use of lock-in detection. However, the results obtained
from the camera may also be subjected to an uncertainty, which is difficult to estimate
accurately. Therefore, in the next work [H3], the thermal diffusivity measurements of known
materials (GC, LiTaO3, CdTe and CdSe) obtained by both mentioned above methods are
presented, paying particular attention to fulfill the theoretical assumptions and optimizing the
experimental conditions.

To test different coupling fluids in BPPE technique, thermal diffusivity measurements
were made in a standard configuration for G-type (GC) glassy-like carbon for various fluids.
The obtained results are presented in Fig. 10.

The value of the thermal diffusivity of the GC sample given by other authors is in the
range of 5.4-6x10° m?-s™ [16]. From the above figure, it is clear that less undervalued values
were obtained for more liquid substances, with the value obtained for ethylene glycol lying
within the error limits of the reference range.
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Fig. 10. Phase characteristics of glassy-like carbon for different coupling fluids as a function
of the square root of the modulation frequency, points are experimental data and lines are
linear fits.

In order to accurately analyze the influence of the thickness of the coupling layer on the
obtained thermal diffusivity value, numerous theoretical simulations based on the five-layer
model presented in Fig. 2 and equation (5) were performed [H5]. On the Fig. 11 simulations
for a hypothetic solid sample with thermal diffusivity 2x10° m?s™, effusivity 2000 W-s?-m"
2K and thickness 1 mm for different thickness of the coupling fluid (ethylene glycol) are
shown.
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— 0 pm, a=1.253313 rad-s
----- 1 um, a=1.262059 rad-s
~~~~~~~~ 2 um, a=1.269828 rad-s
o 5 um, a=1.288829 rad-s
R 10 um, a=1.312973 rad-s
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Fig. 11. Theoretical simulations of the phase of the signal for different thicknesses of the
coupling fluid.
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The thermal parameters of the coupling fluid and the pyroelectric sensor were taken from the
literature [25]: for ethylene glycol (& =9.36x10® m?s?, e =890 W-s*>m?K™) and for
LiTaO3 (o =1.56x10° m?:s™, g,=3600 W-s"*m™?-K™"). One can see that the slope a of the
curve “phase vs. sqrt. (f)” increases from 1.25 to 1.31 with increasing thickness of the
coupling fluid from 0 um to 10 um. A similar correspondence “slope of the curve phase vs.
sqrt. (f)” vs. “coupling fluid thickness” was obtained in ref. [15].

Tab. 2 Relative error in thermal diffusivity evaluation, for different solid samples.

Fluid thickness (um) 0 1 2 5 10

Error (%) for az=2x10° m*-s™ 0 138 258 544 890

Error (%) for o= 6x10° m?-s™ 0 240 445 917 1468
ol o 1/20  1/10 1/4 1/2 1/1

Error (%) for as=2x10°*m*s*and L;=10pm 8.68 6.82 487 370 277
eLles v, 12 1/1 312 5/2

Error (%) for 62000 W-s">m?® K™ Li=5um 629 525 447 439 475
elles 6/1 411 211 312 6/5

Error (%) for e,.=6000 W-s"*m?K?* L;=5um 521 509 481 467 456

The results of the numerical calculation of relative error in the thermal diffusivity evaluation,
by applying Eq. (5), for different sets of the parameters, are given in Table 2. The error was
calculated as relative value taking into account given thermal diffusivity in comparison with
value obtained for zero fluid thickness. The first three rows in Table 2 present the influence of
the thickness of the coupling fluid on the value of thermal diffusivity for a solid sample with
low (second row) and higher (third row) thermal diffusivity. The data presented in Table 2
support our initial statement, that the influence of the coupling medium becomes significant
especially for high conductive samples. Relative error for a sample with diffusivity o= 6x10°
m*s™ at a liquid thickness of 10 pm was almost 15%, nearly double that of a weaker-
conductive sample. The dependence of the relative error versus the thermal diffusivity ratio
(e 1) is given in next two rows of Table 2. As expected, when the values of the thermal
diffusivity of the coupling fluid and the sample are close, the error decreases. Last four rows
in Table 2 evaluate the influence of the difference between the effusivity of the coupling fluid
and that of the solid sample; this difference seems to be not so important like the thickness
and the thermal diffusivity of the coupling fluid.

Based on the obtained results, it was concluded that the critical factor in BPPE contact
measurement is the thickness of the coupling layer. In the case of liquids, it is easier to obtain
a thin, homogeneous layer which gives good thermal contact between the sample and the
detector. Ethylene glycol was chosen as the most optimal for further studies. In order to
minimize the impact of the ethylene glycol layer, a simple modification to the standard
measuring system was introduced, which was previously shown in Fig. 5. A comparison of
experimental results obtained before and after the modification of the experimental setup on
the example of CdTe sample is shown in Fig. 12. The difference in the slopes between two
curves can be clearly seen, consequently the thermal diffusivity of the specimen was
calculated from the slopes as 4.244+0.035x10° m*s™ for standard configuration and as
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4.473+0.008 x10° m?-s™ after applying the modification. Given thermal diffusivities were
calculated as average values from three independent measurements with standard deviation as
an uncertainty. One can see that thanks proposed simply solution significant reduction of the
influence of the coupling fluid takes place (the final thickness of ethylene glycol is reduced).
The standard deviation of the thermal diffusivity is smaller in case of modified BPPE
technique indicating stable, repeatable measurement conditions.

o Before modification
o After modification

o Linear fits
-1+ ° p
O o
a
[m]
3 ? o slope =-1.029305 + 0.000095
_ 2 - [m}
@ °59,
g o o
= o O
o

Fig. 12. Phase characteristics of CdTe sample measured before (squares) and after (circles)
the modification of the experimental setup, points - experimental data and lines - linear fits.

In the course of further investigations, it was found that the values of the thermal
diffusivity obtained by non-contact active infrared thermography are sensitive to the geometry
of the measuring system. The test specimen should be mounted as flat-parallel to the lens of
the camera. It is not easy to obtain such a setting under testing conditions of measuring
system. In the case of inaccurate sample setting with respect to the camera, the slope obtained
from the phase profiles (see Fig. 7 for the ZnSe crystal) may differ from each other,
generating a relatively high measurement uncertainty that may be several percent of the
measured value. Much larger error can generate incorrectly selected experiment conditions.
According to the theory, using active thermography, one should work at the modulation
frequency for which the sample is thermally thick. Failure to do so may result in an
underestimation of the thermal diffusivity of up to 20-30%. Choosing the correct frequency is
therefore critical, but it is not an easy task in case of new materials with unknown thermal
parameters. Fig. 13 shows the results obtained for the GC sample for different modulation
frequencies (0.05 - 4 Hz). For very low modulation frequency the sample is thermally thin,
and convective effects cannot be ignored. The resulting thermal diffusivity value is too small;
for subsequent frequencies the underestimation decreases. For 4 Hz the result is already
satisfactory and falls within the range of values reported by other authors. For completely new
materials to determine the approximate modulation frequency contact PPE technique can be
used first.
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Fig. 13. Measurements of the thermal diffusivity for glassy-like carbon were performed in the
frequency range of 0.05 — 4 Hz, points refer to experimental data and error bars to the
standard deviation.

Results of the thermal diffusivity along with standard deviations of GC type G, CdSe,
CdTe and LiTaO3 samples measured both by the modified BPPE method and by

thermography are presented in Table 3.

Tab. 3 Thermal diffusivity (m?-s™* x107) of the investigated materials

Material PPE Thermography Literature
GC type G 5.378+0.021 5.601£0.135 5.4-6, [16]
CdSe 4.602+0.016 4.615+0.169 4.5, [26]
CdTe 4.473+0.008 4.485+0.135 4.78, [27]
LiTaO; 1.362+0.005 1.36+0.085 1.22-1.54, [25]

Obtained thermal diffusivity values remain in good agreement with literature data given in
third column and confirm an ability of applied techniques for proper thermal characterization
of solid materials. For CdSe, CdTe and LiTaO3 samples there is a very good agreement
between PPE and Thermography methods, obtained values lie within error bars. Some
discrepancy of about 4% for glassy-like carbon can be found, however the difference is not
too large. Considering standard deviation, the BPPE technique together with proposed
modification is much more stable and accurate than thermography method. However, the
photopyroelectric calorimetry is well established technique, in contrast to infrared lock-in
thermography, which is quite new technique still under development. From the experimental
point of view, infrared lock-in thermography being non-contact method, seems to be an
interesting alternative because the measurements are fast and no coupling medium is required.
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4.3 Compounds CdixMnyTe, Zn;xBexSe, Zn1xMgxSe, Zn,.«,BexMgySe and CdyZnyTe

In this subsection, the thermal diffusivity measurements of the tested crystals were
made using the modified measuring system shown in Fig. 5 and ethylene glycol as the
coupling liquid. In addition, with the exception of Cd;xMnyTe crystals, the results of the
phase measurements are not expressed as a function of the square root of the modulation
frequency, but of the square root of the modulation frequency multiplied by the thickness of
the sample. Thanks to that the difference in the slopes of obtained curves is directly
proportional to the thermal diffusivity of given specimens. The phase characteristics of the
thermal diffusivity of crystals Cd;.xZnsTe are shown in Fig. 14 [H1].

X
1.00
0.96
0.90
0.50
0.11
0.07
0.00
lin. fits

X+ %O D>o0ODO

Phase, rad

Fig. 14. Phase characteristics of Cd;«Zn,Te crystals for all zinc content, points are
experimental data and lines are linear fits obtained with least square method.

Linear fits were performed in the range of frequency where both, the sample and the sensor
are thermally thick. The statistical determination coefficient R? describing quality of fitting
was better than 0.9999 for all cases. One can see in Fig. 14 that the specimens with the highest
and lowest thermal diffusivity (the lowest and highest slope) are ZnTe and CdysZngsTe,
respectively. The thermal diffusivity of investigated specimens was calculated according to
Eq. (4).

Since in the TWRC method it is difficult to determine the accuracy of the obtained
results and due to the complexity of the experiment, the results of the thermal effusivity
measurements were obtained in the FPPE configuration. In order to calibrate and test the
measuring system thermal effusivity of distilled water and ethylene glycol was measured first
(Fig. 15) [H7]. The obtained results were normalized using a standardized empty sensor
procedure.
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Fig. 15. Phase behavior of distilled water and ethylene glycol as a function of modulation

frequency in the front configuration, points refer to measured data, lines are best fits obtained

with least square method using Eq. (9).

Thermal effusivity of the water and ethylene glycol was obtained as the parameter of the
fitting of the equation (9). Given values were calculated as average values from three
independent measurements with standard deviation as an uncertainty. Obtained results of the
thermal effusivity of water and ethylene glycol remains in good agreement with the literature
data [11]. An identical measurement procedure was used for all semiconductor materials
discussed in this section.
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Fig. 16. Phase characteristics of selected Cd;.xZnxTe crystals as a function of modulation
frequency (a), points refer to measured data, lines are best fits obtained with least square
method using Eq. (9). Example fit for CdysZngsTe crystal (b) and the error of the fitting
procedure (see inset) is also shown.
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Fig. 16 (a) and (b) present measured phase of the selected Cdi.xZnyTe crystals in the case of
front configuration and example fit for CdysZngsTe crystal, respectively. For clarity purposes
the results for three selected crystals are only given. The determination coefficient was of the
order 0.999, slightly lower than in case of back configuration. The fit of the theoretical curve
to the experimental data was done with Eq. (9) applying least square method. The error of the
example fitting for CdosZnosTe crystal is given in the inset of the picture (b). The minimum
observed in the error graph indicates the sought thermal effusivity value of the investigated
sample. One can observe that all curves presented in Fig. 16 (a) cross the zero point more or
less at the same modulation frequency. This observation supports the statement about proper
measurement procedure. As in subsection 4.1, the thermal conductivity was calculated from
the obtained results. Thermal parameters of the crystals from this section are presented in
Table 4 [H1, H6, H7].

Tab. 4 Thermal parameters of the tested crystals.

Diffusivity o Effusivity e Conductivity k

Compound (s ) 1yO'6 (W-s¥2mZKY) (W-mh-K?)
CdTe 4.473+0.008 2497+17 5.280+0.042
Cdo73sMng,7Te 1.734+£0.012 159248 2.096+0.017
CdosiMng4eTe 1.478+£0.016 1510£15 1.836+0.028
Cdo33MnggrTe 1.418+0.007 143247 1.705+0.0136
ZnSe 9.846+0.030 5633.3+20.2 17.676+0.09
ZNg.06Beg 0aSE 4.333+0.042 3851.7+48.0 8.018+0.137
ZnyoBeg 1Se 3.301+0.018 3333.3+£10.4 6.056+0.035
Znog3Beq 175€e 2.691+0.013 2693.3+30.6 4.418+0.061
ZNng.74Beg 26S€ 2.558+0.012 2686.7+28.4 4.297+0.055
Zng.94MQg.06S€ 5.080+0.014 4041.7+56.2 9.109+0.139
ZNossMgo.1,Se 3.560+0.046 3288.3+35.1 6.204+0.106
Zng78MQg 22Se 2.122+0.009 2328.3£22.5 3.392+0.040
ZNg67MQg 335€ 1.444+0.017 1903.3+£15.3 2.287+0.032
ZN 84Beo 0aMgo.125e 2.555+0.031 2688.3+29.3 4.297+0.073
ZnoAnBevoeMgoAzzse 2.466+0.047 2523.34+£27.5 3.962+0.081
Cdg03Zno o Te 2.740+0.008 2038.3x13.7 3.37440.027
CdogeZng 11 Te 2.337+0.013 1868.3+2.9 2.856+0.012
CdgsZnosTe 1.901+0.039 1794.0+10.8 2.473+0.040
Cdg1ZnooTe 3.368+0.025 2600.0+17.8 4.7710.050
Cdo.gsZnggeTe 4.881+0.015 3301.7£29.3 7.294+0.045
ZnTe 9.071+0.043 4387.3+57.3 13.214+0.204

The thermal diffusivity and effusivity values are given as average from three independent
measurements with standard deviation as uncertainty. Uncertainties of the thermal
conductivity were calculated using total differential method as simply average errors taking
into account thermal diffusivity and effusivity errors. The experimental reproducibility leads
to the thermal conductivity uncertainty of the order of 0.5-1.5%, depending on the sample.
The thickness of the specimens was measured with a micrometer with an accuracy of 10 um,
which produces additional uncertainty of about 0.2-0.3%. The systematic error connected
with the presence of coupling fluid can be estimated as 3-4% [H5]. One can conclude that
final uncertainty of the thermal conductivity value is of the order of 5-6%. Confirmation of
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this conclusion is a comparison of the obtained thermal conductivity value of the ZnSe binary
compound with the literature data. The author of the proposal obtained a value of 17.68 W-m
LK™, slightly less than the literature (19 W-m™-K™ [22]). However, taking into account the
non-ideal experimental conditions as well as the influence of the growth process by various
techniques, the difference is not large.

As it was described in subsection 4.1, adding manganese, zinc, magnesium or
beryllium to mixed crystals results in a decrease in the value of all thermal parameters. A
particularly strong decrease in thermal conductivity is observed for Zn;.,MgxSe crystals,
where conductivity drops from about 18 W-m™-K™ for pure ZnSe to 2.3 W-m*-K* for
Zno 67Mdo.335e compound. A similar effect is observed in case of crystals with beryllium. The
decrease in transportation capacity of the mentioned compounds is due to the increasing
concentration of various defects in these crystals. With the concentration of added elements in
case of ternary and quaternary compounds, the quality of their crystal structure deteriorates
and the disorder of the lattice increases.
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Fig. 17. Thermal conductivity k vs. composition x for Zn;.xBe,Se alloy (a). The open circles
represent the experimental data and solid line is best fit obtained from Eq. (23). Error arising
from fitting procedure is also given in inset.

Analysis of the transport properties of the investigated compounds is not easy task due
to the various effects that occur at the time of compound formation. Zn; 4Be,Se crystals are a
good example here. On the one hand, it is shown that as the beryllium concentration
increases, the microhardness increases, on the other hand, the lattice disorder is increasing. In
turn, the addition of magnesium to the ternary compound Zn;.xBe,Se paradoxically improves
its transport properties as it has been shown due to compensation effects that reduce the
concentration of cation vacancies. This is clearly evident in the results presented in Table 4,
where the resulting thermal conductivity of Zng 72Be006Mgo22Se sample is comparable to the
value obtained for the Zng 74Beg 26Se crystal and even higher than for Zng 7sMgo.22Se alloy.
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The electron contribution to the thermal conductivity in case of wide-gap 11-VI crystals is
very small indicating that the heat is mainly carried by phonons [8]. Therefore, the thermal
conductivity of the crystal can be related only to the lattice contribution. In this case, the
approximate formulas (22) and (23) are correct. The thermal conductivity results obtained for
the ternary semiconductor crystals Zn;.xBexSe, Zn;.xMgySe and Cdi.xZnyTe were analyzed in
the model given by Adachi. Fig. 17 presents the thermal conductivity K(x) as a function of
composition at room temperature for selected Zn; xBe,Se alloys. Best fit of Eq. (23) applying
least square method was obtained for following parameter values: Czn.ge= 139 W™*-cm-K and
Keese = 1 W-ecm™-K™. Determination coefficient R? indicating the quality of the fitting
procedure was equal 0.9758. Similar results were obtained for Zn;«Mg,Se alloy, where
Czn-mg= 116 W?-cm-K. Parameters Czn.ge and Czn-mg describe contribution arising from the
lattice disorder and are 2-6 times larger than obtained by Adachi for typical 111-V ternary
compounds [13]. However, the character of the change of the lattice thermal conductivity is in
principal the same. One can observe rapid decrease and increase of the thermal conductivity
for x value close to 0 and 1, respectively. Meanwhile in the middle of the graph there is
plateau.
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Fig. 18. Contour map of the error from two parameter (Czn-ge and Kaese) fitting procedure with
least square method.

Since the experimental data ends at x = 0.26 and due to the nature of the thermal
conductivity change in the vicinity of x = 1, it is very difficult to obtain from this data the
reliable thermal conductivity value of pure BeSe. This problem is illustrated in Fig. 18, in
which the error resulting from the least squares procedure for the two parameters: Cz,.s. and
Kgese 1S sShown. While the minimum on the y-axis is well-located, on the x-axis, describing the
thermal conductivity of the BeSe compound, is much stretched, making it impossible to
determine the value of the kgese parameter. The author tested the model given by Adachi for
the ability to estimate the value of this parameter. It turned out that at x = 0.8 on the error map
the minimum on the y-axis starts to appear. Unfortunately, the melting point of the
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Zno 2Beg gSe compound is beyond of our crystal growth system. In nature there are no pure
BeSe or MgSe binary compounds, also it is very hard to obtain them. Accordingly, there is no
experimental data describing the properties of these compounds. However, theoretical
predictions regarding the expected values of such materials can be found in the literature.
Theoretical calculations indicate the thermal conductivity of beryllium selenide of about 1
W-em™ K™, and this value was used in equation (23). This value is typical rather for I11-V
crystals than 11-VI, which confirms the atypical properties of mixed Zn;BexSe crystals
compared to other 1I-VI compounds. In these crystals, the character of the bond is more
covalent than that of other 11-VI compounds, where the bonds are of the ionic type. As a
result, these crystals are characterized by interesting properties such as small lattice constant
or large energy gap.

For Cd;.xZnyTe crystals, the relationship of the thermal conductivity in the full range
of compositions was obtained, i.e. from one binary compound to another (from CdTe to
ZnTe) [H1]. The results analyzed in the Adachi model are shown in Figure 19.
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Fig. 19. Lattice thermal conductivity versus composition for Cd;xZn,Te alloys. The points
refer to the experimental data and solid line is best fit obtained using Eq. (23) applying least
square method. Error arising from fitting procedure is shown in inset.

The points represent the experimental data, the line is the fit of the equation (23) with the
determination coefficient R?=0.995758. The character of the thermal conductivity changes in
the function of the composition is similar to that of the Zn; BexSe and Zn;«MgxSe crystals.
The Ccq.zn coefficient was obtained as 139 W'l-crn-K, exactly the same as for the Zn; ,Be,Se
crystals.

In summary, as can be seen from the three groups of crystal samples, the thermal
parameters are very sensitive to the change of composition, especially for the limit values of x
lying near 0 and 1. It is possible therefore (after prior calibration) to determine the
composition of newly obtained crystals from a given group by measuring their thermal
properties and thanks to that also a lattice constant and energy gap.
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5. Summary

The selected publication cycle presents the results of the thermal properties of a
number of 11-VI semiconductors. All tested crystals were grown using the high pressure
Bridgman method and prepared for the research at the Institute of Physics NCU with the lead
role of the author of the proposal. The measurements were carried out during the post-doctoral
stay in Romania and after returning to the country on an own-built experimental setup.
Informal co-operation with the Romanian center continues, as evidenced by further joint
publications. The main objective of the presented work was systematic examination of
selected 11-V1 crystals in terms of their thermal properties using various research techniques,
both contact (PPE photopyroelectric) and non-contact (active thermography). As a result of
the studies, the values of the thermal diffusivity and the effusivity of all tested samples were
obtained. For the selected series of crystals, their heat capacity was also determined. The
thermal conductivity was calculated using simple relationships that combine all the thermal
parameters. In this way a complete characterization of the thermal properties of the crystals
was carried out and the main purpose of the work was realized.

The first results obtained for binary, Cdi.x.,ZnxMg,Se and Zn;...,BexMn,Se crystals
were reported in H2, H4 and H8 respectively. At this stage, the crystals were examined both
using PPE (BPPE and TWRC) contact methods as well as by non-contact active
thermography. The highest thermal conductivity values were observed for binary and mixed
crystals with low concentration of added component. Adding even a few atomic percent of the
foreign cation to any mixed crystal immediately caused a significant deterioration in its
thermal properties. The thermal conductivity values differed between the binary ZnSe
compound and the mixed crystals Cdi.x.,ZnxMgy,Se or Zni...,BexMn,Se even by the order of
magnitude. The addition of manganese, beryllium or magnesium generated significant
concentrations of various defects in these compounds, and as a consequence the thermal
transport parameters of such crystals have been substantially reduced. Due to the problem of
heat dissipation in electronic devices, this observation is crucial in the process of designing
new optoelectronic devices based on any mixed compounds.

Particularly important were the results obtained for binary crystals and glassy carbon
(GC) samples, as the experimental values were comparable to the literature data. The final
results of the thermal conductivity in case of binary crystals deviated from the literature data.
The differences between the values obtained and the literature data observed in this case were
explained by the effect of the non-ideal blackening layer or/and by the presence of a coupling
liquid in the sample/detector system. The thermal conductivity values obtained for the GC
reference sample matched the literature data. On the other hand, while comparing literature
data on the thermal diffusivity and effusivity of the GC, they were appropriately understated
and overvalued.

Observed discrepancies between the literature and measured data prompted the author
to look more closely at the used measurement techniques, resulting in two more co-author
publications (H3 and H5). It has been known from other authors that the main problem with
PPE technique is the effect of the coupling layer, which always influences obtained results.
The question was how great the problem is in this particular case, i.e. for the tested material
class. In order to analyze this problem, various coupling fluids commonly used in
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photopyroelectric techniques have been tested first. As the most optimal, i.e. giving the least
underestimation, ethylene glycol was chosen which was used in the course of further research.
In order to analyze the quantitative influence of the coupling layer on the obtained thermal
diffusivity value, simulations were carried out based on a five-layer theoretical model. The
results clearly showed that the critical factor in BPPE contact measurement is the thickness of
the coupling layer. This effect is further enhanced for high-conductivity samples. In order to
minimize the impact of the ethylene glycol layer, a simple modification to the standard
measuring system was introduced. The modification consisted of pressing the test sample to
the detector by means of a disk and three identical actuating springs, thereby reducing the
thickness of the coupling layer. The results obtained with the modified system allowed further
reducing of the underestimation to the value of 3-4% of the measured value.

In the case of non-contact active infrared thermography, it turned out that the received
thermal diffusivity values are sensitive to the geometry of the measuring system. In the case
of inaccurate sample setting with respect to the camera, the slopes obtained from the phase
profiles differ from each other, generating a relatively high measurement uncertainty of up to
a few percent of the measured value. In addition, the measured samples should be thermally
thick. Failure to do so results in an underestimation of thermal diffusivity of up to 20-30%.
Choosing the right frequency is therefore critical, but it is not an easy task in case of new
materials with unknown thermal parameters. For new materials to determine the approximate
frequency of modulation, one can use the contact photopyroelectric method first.

As a result of the optimization processes, the thermal diffusivity values of the
reference materials according to the literature data were obtained. The results presented in the
last three publications (H1, H6, H7) were obtained taking into account the conclusions
obtained from the optimization of the measurement methods. The thermal diffusivity
measurements of the crystals were made using a modified measuring system and ethylene
glycol as the coupling liquid between the sample and detector. In addition, as in the TWRC
method it is difficult to determine the accuracy of the obtained results and due to the degree of
complexity of the experiment, the results of the thermal effusivity measurements were
obtained in the FPPE configuration. The total uncertainty of the thermal conductivity of the
examined crystals was estimated at 5-6% of the measured value. Confirmation of this
conclusion was a comparison of the obtained thermal conductivity value of the ZnSe binary
compound with the literature data. As with previous crystals, the addition of manganese, zinc,
magnesium or beryllium to mixed crystals resulted in a decrease in the value of all thermal
parameters. A particularly strong decrease in thermal conductivity was observed for
Zn1xMg,Se crystals, where the conductivity decreased from about 18 W-m™-K™ for pure
ZnSe to 2.3 W-m™ K™ for Zno 67Mgo.23Se compound. Similar effects have also been observed
for crystals with beryllium. The thermal conductivity results obtained for the ternary
semiconductor crystals Zn;xBesSe, ZnixMgxSe and Cd;«ZnsTe were analyzed in a model
provided by Adachi. The Cznge, Czn-mg and Ceqy.zn parameters (139, 116 and 139 WtemK
respectively) describing the contribution to thermal resistance resulting from the lattice
disorder were 2-6 times higher than those obtained by Adachi for 111-VV semiconductors.
However, the character of the change of the thermal conductivity in the function of the
composition was the same for both classes of materials.
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Although the PPE technique itself is fairly simple, each material class requires a
different approach. For samples with strongly different conductivity or thickness, different
frequency ranges and a suitable detector should be used. This is not a simple task for the
samples with unknown thermal properties. However, the results presented in this proposal
indicate that the set objectives have been met. The photopyroelectric technique has been
successfully adopted for the study of the given material class. This has led to more than two
hundred 11-VI semiconductor samples being characterized for thermal properties. The direct
results of the disorder as the function of the composition for selected groups of ternary
crystals were also presented.

All measurements made within this work were carried out at room temperature. In the
longer term, measurements are planned as a function of temperature. For this purpose, a
suitable measuring cell was designed and constructed which can be placed on a helium
cryostat finger. This will allow performing measurements from temperatures of the order of
10 K to about 400 K. The first test measurements are currently in progress.

In the presented publication cycle, optically opaque samples were examined using
only one wavelength of the excitation radiation. In the same measuring system, however, it is
possible to excite the sample with variable wavelength. This will allow determining the
absorption coefficient as a function of the wavelength, energy gap and the thermal diffusivity
of the sample in one measurement. For this purpose, a program for spectral measurements
using PPE method and impulse laser combined with OPO (parametric oscillator) was
designed and created. Compared to classical spectral techniques such as transmission, PPE
spectroscopy can test samples with very high absorption coefficient values. In the case of II-
VI materials, the absorption coefficient above the energy gap may reach thousands of inverted
centimeters. These further work perspectives are the result of the presented publication cycle
and should contribute to a further increase in the knowledge of the properties of the studied
materials.
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5. Discussion of the other scientific (artistic) accomplishments.

Since 2003 | have worked as a researcher at the Department of Semiconductor and
Carbon Physics of Institute of Physics NCU dealing with preparation and study of
photothermal, photoelectric and luminescent properties of broadband ternary and quaternary
[1-VI compounds with manganese and beryllium as ingredients. Doctoral thesis entitled
"Synthesis and study of photothermal and photoelectric properties of mixed All - BVI
crystals™ | have defended and got a PhD in physical sciences 24th June 2008.

At the Department of Semiconductor and Carbon Physics crystals are grown from the
melt under overpressure (approx. 130-150 atmospheres) of argon. This method is
technologically difficult and requires high accuracy and responsibility. I am currently one of
two people of the group who work on the synthesis of mixed 1I-VI crystals. In addition to
standard spectroscopic techniques (photoluminescence, transmission) | have also mastered at
this time measurements of the photothermal properties of obtained semiconductor compounds
using the photoacoustic methods with piezoelectric, microphone and pyroelectric detection
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and | have in this field practical experience. The main objectives of the research consisted of
growing of series of mixed II-VI crystals based on ZnSe, CdSe with beryllium, magnesium
and manganese as constituents, and their characterization with optical spectroscopy and
photoacoustic techniques.

After the measurements of lots of photoacoustic spectra of different 11-V1 crystals it
was noted that the shapes of the obtained spectra, both in the phase and in the amplitude,
measured for the same type of crystal, often markedly were different from one another. In
search for reasons of this observation it was highlighted that in these cases the surfaces of the
test samples were prepared in different ways. The study focused then on investigation of the
effect of the surface condition on the measured photoacoustic characteristics. We have been
studied the effect of mechanical surface preparation (grinding, polishing and chemical etching
[1]) and the influence of the polarity of the crystal surface on obtained photoacoustic spectra.
The measurements were conducted after a surface treatment procedure for the samples of the
same type (ground, polished, chemically etched and annealed in cation vapor). Such studies
have been performed for Zny...,BexMg,Se [2,3] and Zn;.x.,BexMn,Se [4-6] compounds both
in the rear and front configuration, as well. The measurements were performed at each stage
of the surface processing. Photoacoustic spectroscopy has proved to be very sensitive to the
processes, which investigated crystals were subjected to. The absorption bands within
bandgap of investigated compounds have been identified and connected with localized defects
on a sample surface. In case of Zni,.,Be,Mg,Se compound the samples were excited
successively from both sides. Obtained results suggested a slightly different distribution of
individual defects on each side. Such assumptions helped achieve a satisfactory fit of the
experimental results in frame of a theoretical model proposed by Malinski. The samples used
for testing were not oriented along any crystallographic plane.

After PhD further measurements were carried out with the aim of developing and
verification of the Malinski model. The research was made on ZnSe samples, oriented and cut
along the specific chosen crystallographic planes [7]. We have also successfully correlated
qualitatively the results obtained for Zn;...,Be,Mn,Se crystals with photoacoustic detection
and from atomic force microscope (AFM). AFM microscopy allowed examining the
topography of the surface of the samples subjected to different technological processes of
surface treatment [8].

Using photoacoustic frequency characteristics we have determined a very important
material parameter of Zn;..,Be,Mn,Se crystals which is the thermal diffusivity. In order to
determine this parameter the theory developed by Blonskij and co-workers has been used,
which is a special modification of the Jackson and Amer theory. The results indicated an
increase of the thermal diffusivity with increasing content of beryllium, magnesium and
manganese in the crystals. However, we could not determine clear dependence of the thermal
diffusivity on the composition. This could be due to the fact that the obtained values were
subjected to considerable measurement error. The biggest influence on the thermal diffusivity
has a content of beryllium. Manganese also to some extent increases the value of the thermal
diffusivity of the tested crystals. On the other hand, large concentrations of Be, as well as Mn,
are causing in the crystal generation of various defects. These defects may act as scattering
centers for phonons, resulting in a brake of further increase of the thermal diffusivity of the
crystal and may even lead to the decrease. In summary, thermal diffusivity values obtained
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using the piezoelectric method proved to be very inaccurate, which was one of the reasons of
my interest after PhD of pyroelectric detection.

Photoluminescence spectra of the investigated I1-VI compounds consisted of exciton
line, edge emission and the bands associated with deep levels. The relative contribution of the
entire measured spectrum (and the position) of the individual luminescence components were
different for the different compounds. Additionally, in the photoluminescence spectrum of
Zn1xyBexMnySe crystals an intensive manganese emission with a maximum corresponding to
the energy of about 2 eV has been observed. For crystals with a high content of manganese it
was the only luminescence observed in the range of 30K to room temperature. In case of the
mixed Zni.x.,BexMnySe crystals anomalous shift of the maximum of manganese emission
depending on the temperature has been observed. With increasing temperature maximum of
the emission shifted first towards lower energies and then in the opposite direction. This effect
was explained by a negative temperature expansion of the crystals lattice. For crystals with
constant manganese content at constant temperature the emission shifted monotonically
towards lower energies with increasing beryllium concentration. This observation was caused
by a change of the ionic bond to more covalent and decreasing of the lattice constant, which
influenced the crystal field value seen by the manganese ions [10]. During further study (after
PhD) the shift of the manganese emission also with the excitation radiation power [11] has
been found.

The band gap of the investigated compounds (Zn;..,BexCd,Se, Zn;...,Be,Mg,Se and
Zn1..yBexMnySe) increased with increasing zinc, magnesium and beryllium concentration. On
the other hand, for manganese content (from y = 0.05 and y = 0.2) in case of Zn;...,Be,Mn,Se
only small change of the energy gap was observed [9-11]. The values of exciton energy gap
determined from photoluminescence were clearly lower than obtained from photoacoustics,
which is understandable, because the exciton binding energy in 11-VI crystals is of the order
of tens of meV. This observation was the basis of the developing (after PhD) of the method of
the determining of the binding energy of the excitons [12] in 1I-VI materials. In the case of
crystals with manganese, excitonic emission was not observed at higher temperatures. For the
Zno 9Beg osMng gsSe crystal the exciton position as the function of the temperature was found
in the range of 30 K to 210 K. For the other crystals excitonic line was visible at low
temperatures, and for the two compounds, Zng7Bey1Mng2Se and Zng 7sBeg.15Mngo7Se, it was
not observed even at 35 K. In case of the crystals in which the exciton was observed at low
temperature, Egex Was estimated at room temperature using a difference between the position
of the exciton line at 30K and at room temperature obtained for ZngoBegosMnggsSe
compound. The energy gap of the crystals, in which the exciton was not observed even at low
temperatures was determined at room temperature by photoacoustic spectroscopy.

Photoconductivity spectra of Zn;...,BexMnySe compounds were also studied. It was
found that the measured spectra did not show a significant correlation with the photoacoustic
spectra, but were also not opposed to them. The observed bands in the spectrum of
photoconductivity were wide and overlapping each other. Theoretically it was possible to
obtain the Eg value from this measurement, but the obtained results would be unreliable.

Exciton line widths at 30 K of all tested ternary and quaternary compounds were larger
than in the case of a binary ZnSe. The reason is the chemical disorder, with which we are
dealing in these compounds. The confirmation of the existence of a chemical disorder was
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also found in transmission spectra of these compounds by observation of the blurring of the
absorption edge near energy gap value. The behavior of the transmission in the case of the
quaternary crystal is different than in binary ZnSe. In case of ZnSe crystal the transmission
changes from 90% to zero in a narrow energy range (typically less than 0.05 eV), on the other
hand for quaternary compounds, the present range is much larger and is of the order of several
tenths of eV. The manganese ions in the Zni..,Be,Mn,Se crystals lead to the presence in
these compounds of strong absorption bands in the region below the energy gap. For this
reason it was not possible to determine the value of the energy gap from transmission in such
case. Chemical disorder effects made also difficult determination of the energy gap from
photoacoustic measurements. The biggest disorder effects were observed in case of Zn;..
yBexCdySe compounds. In these crystals Eg. values were obtained with high uncertainty. For
the other two compounds, namely Zn;...,BexMg,Se and Zn;...,BexMnySe, observed blurring
of fundamental absorption bands were much smaller, and consequently the estimated error
was significantly lower than in case of the crystals with cadmium. Using the photoacoustic
amplitude spectra the calculations of the absorption coefficient as the function of the energy
was carried out. However, one could not find a straight line on the graph (ehv)? vs. energy,
which determines the value of the energy gap. One reason for this was undoubtedly the
aforementioned blurring of the band edges, caused by a chemical disorder.

In the case of measurements of photoluminescence excitation spectra and absorbance
of Znix.yBexMn,Se crystals transition which take place inside the manganese ion from the
ground state to the excited states have been found and identified [9-11]. Similar absorption
bands were also observed in the photoacoustic spectra. The obtained values were in good
agreement with literature data for the case of the excited states of manganese ion in a
tetrahedral crystal field. Photoluminescence measurements of Zn;...,BexMnySe crystals were
also carried out at a characteristic excitation (at the maxima of the absorption bands of
manganese). Spectra obtained at 250 K at an excitation wavelength of 540 nm showed two
maxima. This was probably due to the fact that radiation having a wavelength of 540 nm was
in a range that caused a characteristic energy excitation of other band (with non-manganese
origin), such as it is in the case of ZnSe.

After PhD measurements of selected compounds using microphone detection have
been performed. For this purpose open photoacoustic cell with a microphone as a detector was
designed and made. The measurements of zinc selenide sample with a small amount of cobalt
[13] allowed to determine the value of its energy gap, the position of cobalt absorption bands
and the estimation of the quantum yield (in infrared region) at room temperature. Similar
measurements were also carried out for Zn;...,BexMnySe crystals with manganese [14].
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