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Abstract Cd;_xMnxTe mixed crystals belong to a class of materials called “semimag-
netic semiconductor” or diluted magnetic semiconductor with the addition of magnetic
ions such as Mn>* implemented into the crystal structure. The crystals under inves-
tigation were grown from the melt by the high-pressure high-temperature modified
Bridgman method in the range of composition 0 < x < 0.7. Thermal properties of
these compounds have been investigated by means of photopyroelectric calorimetry
in both back and front detection configurations. The values of the thermal diffusivity
and thermal effusivity were derived from experimental data. The thermal conductivity
of the specimens was calculated from the simple theoretical dependencies between
thermal parameters. The influence of the Mn concentration on the thermal properties
of Cd;_xMnyTe crystals has been presented and discussed.

Keywords CdMnTe crystals - Photopyroelectric calorimetry - Thermal
conductivity - Thermal diffusivity - Thermal effusivity

1 Introduction

Diluted magnetic semiconductors (DMS) are materials with magnetic ions imple-
mented into the crystal structure. These materials are interesting because of a potential
application in spintronics [1] and also optoelectronics. DMS based on mixed crystals
of II-VI compounds with the manganese are very promising materials for spintronics
due to unique magneto-optical properties [2]. Cdj_xMnyTe crystals [3,4] show very
interesting physical properties due to a strong s, p—d exchange interaction between
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electrons, holes, and ion Mn*2-3d electrons. II-VI compounds present some crucial
advantages in comparison with III-V magnetic semiconductors. In II-VI crystals,
manganese is an isoelectronic atom, so n-type and p-type doping is possible. Mn>*
ions exhibit a relatively high solubility with many II-VI binary compounds.

Photothermal methods have been widely applied to study thermal properties of
solid samples [4—10]. The major advantages of these techniques are their simplicity,
high sensitivity, non-destructive character, and adaptation on experimental restrictions
for theoretical requirements. Among them, a photopyroelectric method can be used
for thermal investigation of solids [5]. The thermal effusivity of the solid sample can
be obtained in the front configuration where the incident radiation directly illuminates
a sensor. On the other hand, the PPE method in the back configuration (the sample
placed onto the sensor is excited by the incident radiation) allows one to obtain the
thermal-diffusivity value, which describes an ability of the material to conduct heat
[10]. To ensure good thermal contact in both detection configurations, a thin layer of
the coupling fluid between the sample and the pyroelectric sensor is required. It was
shown that the results obtained with the BPPE technique are always underestimated
due to the presence of the coupling fluid between the sample and the sensor [11,12].
The influence of the coupling fluid in pyroelectric measurements of solids becomes
significant especially for high conductivity samples and at high modulation frequencies
of the incident radiation.

A knowledge of the thermal properties of solid solutions is important for their appli-
cations in the construction of optoelectronic devices. Thermal parameters are unique
for each material; they depend on the composition, structural characteristics, and the
preparation process. The aim of this article is to describe a thermal characterization
(measurement of all dynamic thermal parameters) of the investigated crystals and to
discuss the influence of the composition on their thermal properties. Another goal of
this article is to show that by introducing a simple experimental modification, one can
minimize the undesired effect of the coupling fluid.

2 Experimental Setup and Sample Preparation

Mixed Cd;_xMnyTe crystals were obtained by the high-pressure Bridgman method
with different Mn concentrations. This method allows obtaining crystal rods of about
one centimeter in diameter and up to a few centimeters in length. The obtained crystal
rods were cut into about 1 mm thick specimens, which were not oriented along any
crystallographic plane. The plates were mechanically ground and then polished with
diamond paste. The structure and the lattice constant of the measured crystalline alloys
were determined with the X-ray diffraction method, which confirmed that the samples
exhibited a single zinc blende crystallographic phase. The real Mn concentration was
obtained from the lattice constant/composition dependence for two binary semicon-
ductors: CdTe and MnTe. Four Cd;_xMnyTe samples were investigated in this work
with x equal to 0, 0.27, 0.49, and 0.67.

The standard PPE experimental setup for both front and back measurement detec-
tion configurations was used [13]. It consisted of a 300mW power blue diode laser
(A = 405nm), a 0.4 mm thick LiTaO3 detector, provided with CrAu electrodes, and
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Fig. 1 Modified experimental setup for the BPPE method

a SR850 dual-phase lock-in amplifier. The reference signal provided from the inter-
nal oscillator of the lock-in was used for modulation of the incident radiation. In a
standard BPPE method, the sample (placed and stuck to the sensor) is directly excited
with modulated radiation, in contrast to the front mode where the sensor is being illu-
minated. A thin layer of ethylene glycol served as a coupling fluid between the sample
and the sensor. To improve thermal contact in the back measurement configuration
between the sample and the sensor, a textolite disk has been applied (Fig. 1). As a
result of the springs, the disk is pressing the sample to the sensor, and at the same
time preventing the detector from direct illumination. The modulation frequency of
the excitation source was changed in the range of 1 Hz to 15 Hz. For both BPPE and
FPPE, a configuration normalization procedure with an empty sensor was applied.

Investigated samples measured in the back configuration 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 exciting state of the semiconductor on its
thermal properties (phonon scattering processes on free excited carriers). Because the
deposited carbon layer is very thin (<10 wm) and has a high thermal conductivity,
one can neglect its influence on the signal.

All the measurements have been performed at room temperature and were
computer-controlled.

3 Theory

The BPPE and FPPE cell configuration consists of four layers composed as follows:
air/opaque sample/pyroelectric sensor/air (Fig. 2). Assuming perfect thermal contact
between the sample and the sensor and a one-dimensional model of heat propagation
through the sandwich-type system, the complex PPE signal in the back configuration
is given by [13-16]

@ Springer



Int J Thermophys (2014) 35:2140-2149 2143

0 1 2 3
air air
BPPE detector FPPE

= i sample pyro - —-
excitation LiTaO3 excitation
light light

1 1 1

1 1 1

1 1 1

0 -1 -L2

Fig. 2 Model of the experimental cell in the back and front configurations for the PPE method
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In Eq. 1, Vy is an instrumental factor, ij represents s and p layers of the detection
cell, respectively, R;; = (b;j —1)/(b;; + 1) is the reflection coefficient of the thermal
wave at the ij interface, b;; = e;/e;, e is the thermal effusivity, o; = (1 +i)a; is
the complex diffusion coefficient, g; is the reciprocal of the thermal diffusion length
wisai = /i, wi = Qo /a))l/z, w is the angular modulation frequency, and L; is
the thickness of layer i. In order to eliminate the instrumental factor V), the useful
signal is normalized with respect to the signal obtained with the empty sensor [13].
After the normalization procedure and assuming a thermally thick regime for both the
detector and the sample ( u; < L;), one can calculate the thermal diffusivity using
the amplitude (Eq. 2) and/or the phase (Eq. 3) of the complex signal [13]:

2
In|V,| =1 —aglL 2
n |V, nbsp+1 dsLg (2)
o \ /2
O =060)— L\ — (3)
20

The amplitude is affected by external factors such as laser-intensity fluctuations and
the roughness of the surface, whereas the phase provides more accurate results, being
independent of these external factors. For this reason, the thermal diffusivity was calcu-
lated according to Eq. 3, the excitation frequency being used as a scanning parameter.

In the front measurement configuration, the complex signal after normalization to
the empty sensor can be written as follows [13]:

1— e—Upr + Rsp(e—20pr _ e—apr)

Vn = 1+ Rspefzapr

“

Equation 4 can be simplified to the following equation considering the assumption
that up < Lyp (thermally thick detector):

Vi =1— (14 Rpe™rr. )
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Fig. 3 Phase characteristics of the CdTe sample measured before (squares) and after (circles) the modi-
fication of the experimental setup as a function of the square root of the modulation frequency; points are
experimental data, and lines are linear fits

From Eq. 5, one can get the amplitude (Eq. 6) and the phase (Eq. 7) of the signal:

[Vl = \/ [(1 4+ Rgp)e Le sin(apLp)]? + [1 — (1 4+ Rgp)e Le cos(apLp)]? (6)
(1 + Ryp)e L sin(apLy)

7
1—(1+ Rsp)e_“pr cos(apLp) M

¢n = arctan

For the normalized phase (zero crossing frequency f;), the following relation is true:

L L3 f,
P mg sy = 2
Hp T

(®)

Equation 8 allows determination of the thermal properties of the sensor if the sample
properties are known.

4 Results and Discussion

All samples investigated in this work were measured using a modified back configu-
ration experimental setup (see Fig. 2). Phase characteristics of the CdTe sample mea-
sured before (squares) and after (circles) the modification of the experimental setup
as a function of the square root of the modulation frequency are presented in Fig. 3.
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Fig.4 PPE phases in radians of all investigated samples as a function of the square root of the modulation
frequency; points are experimental data, and /ines are linear fits

For the low frequency regime, a nonlinear behavior of the phase can be observed,
caused by a thermally thin sample and/or the sensor. Consequently, linear fits were
performed starting from 6 Hz, where both the sample and the detector are thermally
thick. A least-squares method has been applied for the fitting procedure. The dif-
ference in the slopes between curves presented in Fig. 3 can be found. The thermal
diffusivity of the CdTe sample was calculated according to Eq. 3 from the slopes of
the fitted lines as (4.244 + 0.035) x 107 m2-s~! for a standard configuration and
as (4.473 £ 0.008) x 107m?.s~! after applying the modification. The presented
thermal-diffusivity values were calculated as average values from three independent
measurements with the standard deviation as an uncertainty. As aresult of the proposed
simple solution, some reduction of the influence of the coupling fluid on the obtained
thermal-diffusivity value takes place. A similar measurement procedure was applied
for all mixed Cdj_xMnyTe crystals; the obtained results are displayed in Fig. 4. The
thickness of the Cdg 73Mng »7Te sample is 1.5 times greater than that of other samples
(of the order of 1.1 mm); consequently, the slope obtained for this specimen differs
from the others. The thermal diffusivity of the crystals was obtained according to
Eq. 3.

The thermal effusivity of the investigated materials was derived from the PPE
technique in a front measurement configuration coupled with a frequency scanning
procedure. For calibration and testing purposes, two well-known liquids, i.e., distilled
water and ethylene glycol, were measured in the same measurement configuration
as for the solid samples. Figure 5 presents phase characteristics of the investigated
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Fig. 5 Phase behavior of distilled water and ethylene glycol as a function of modulation frequency; points
refer to measured data, and lines are best fits obtained with least-squares method using Eq. 7

fluids as a function of the modulation frequency, the points refer to measured data,
and the lines are best fits obtained with a least-squares method using Eq. 7. The
thermal-effusivity values were calculated as average values from three independent
measurements with the standard deviation as an uncertainty. The obtained results for
the thermal effusivity of water and ethylene glycol remain in good agreement with
the literature data [17]. The phase behavior of the investigated Cd;_xMnyTe mixed
crystals as a function of the modulation frequency is presented in Fig. 6 . A similar
experimental procedure such as in the case of liquid samples was applied. It can be seen
that all curves are crossing the zero phase point for the same modulation frequency.
As a result, one can state that the measurements and normalization procedure were
carried out properly. According to Eq. 8, one can use this point to obtain the thermal
properties of the sensor, if necessary. Figure 7 presents phase characteristics of the
CdTe crystal as a function of the modulation frequency and the error arising from the
fitting procedure. The best fit of Eq. 7 obtained with a least-squares method is also
displayed in Fig 7. The minimum observed in the fitting error graph corresponds to
the value of the thermal effusivity of the investigated sample.

Itis well known that thermal parameters are connected by simple relations. The ther-
mal conductivity of the investigated crystals was calculated according to the following
formula: k = ea!/2. Thermal parameters of all investigated specimens are presented
in Table 1. Uncertainties of the thermal conductivity were calculated using the total
differential method as simply average errors taking into account thermal-diffusivity
and thermal-effusivity uncertainties. The calculated value of the thermal conductivity
for CdTe crystals is smaller than that from the literature [18] (6.2 W-m~-K~!); how-
ever, the difference is not large. It is known that thermal parameters strongly depend
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Fig. 6 Phase characteristics of mixed Cd_x Mnx Te crystals as a function of modulation frequency; points
refer to measured data, and /ines are best fits obtained with least-squares method using Eq. 7
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Fig.7 Phase characteristic of CdTe crystal as a function of modulation frequency; points refer to measured
data, line is best fit obtained with least-squares method using Eq. 7, and the error of the fitting procedure is
displayed in inset
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Table 1 Thermal parameters of the investigated Cd| _xMny Te crystals

Sample Thermal diffusivity Thermal effusivity Thermal conductivity
(1070m2.s7 1) (W-s1/2.m=2.K~1) W-m~ LK1

Cdte 4.473 +0.008 2497 £ 17 5.280 £ 0.042

Cdp.73Mng 27Te 1.734 £0.012 1592 +38 2.096 £+ 0.017

Cdp.51Mng 49Te 1.478 £0.016 1510+ 15 1.836 +£0.028

Cdp.33Mng g7 Te 1.418 +£0.007 1432 +7 1.705 £ 0.0136

on the fabrication process and quality of the crystal structure. One can see in Table 1
that manganese incorporated into the crystal structure leads to a decrease of all the
thermal parameters of the specimens. A similar behavior was observed previously
for Zn;_xMg, Se and Cdl_x_yanngSe mixed compounds [19]. In our opinion,
this effect is mainly due to the difference in the atomic radius of the components
and, as a consequence, the periodic potential of the crystal is perturbed. Each crystal
imperfection in such a material becomes a potential scattering center for phonons and,
consequently, the ability of the material to conduct the heat is reduced.

5 Conclusions

Cd;_xMn4Te mixed crystals investigated in this work were grown with the mod-
ified Bridgman method. The PPE method has been applied to determine the ther-
mal parameters of the specimens. Measurements were performed in both back and
front detection configurations. It allowed determination of the thermal-diffusivity and
thermal-effusivity values, respectively. In the back PPE mode, some modification of
the experimental setup was proposed, which allowed reduction of the influence of the
coupling fluid on the value of the thermal diffusivity. Distilled water and ethylene
glycol were measured first in the front configuration for testing the reliability of the
method. The obtained thermal-effusivity values of the liquid samples were consis-
tent with the literature data. The thermal conductivity of the investigated specimens
was calculated from the relations between thermal parameters. An uncertainty of the
thermal parameters was estimated as of the order of 1%. The experimental results
demonstrated that an increase in the content of manganese leads to a decrease in the
values of all thermal parameters.

Open Access This article is distributed under the terms of the Creative Commons Attribution License
which permits any use, distribution, and reproduction in any medium, provided the original author(s) and
the source are credited.
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