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Vacuum evaporation technology was applied to fabricate Pby9Cdg 1Te:Pb (3
at.%) thin films on glass and polycrystalline silicon substrates. X-ray diffrac-
tion analysis confirms the rock salt structure with the (100) preferred growing
direction for the investigated films. The formation of films on an amorphous
glass substrate occurs by two consecutive growth mechanisms. The Volmer—
Weber mechanism is the initial mechanism, and it gradually changes with the
Frank—van der Merve mechanism. On the polycrystalline silicon substrate,
the Volmer—Weber growth mechanism is dominant. Surface formations are
oriented and needle-like. A complex of thermodynamic parameters: the en-
thalpy of formation, entropy, Gibbs free energy, and heat capacity were cal-
culated using the estimated crystallographic data. This work brings light on
the fabrication process of single-phase Pby 9Cdg 1Te:Pb (3 at.%) thin films with
a high-quality surface using the low-cost and simple vacuum evaporation
method.
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INTRODUCTION

Pb-Cd-Te solid solution is a promising material
for the fabrication of thermoelectric modules over a
medium temperature range.! Due to the isoelec-
tronic effect of cadmium (Cd) atoms in lead telluride
(PbTe), this material can be used for the fabrication
of both n- and p-type thermoelectric legs.? Thin
films based on Pb-Cd-Te are extremely interesting
for application in miniature devices or various
flexible systems, such as thermoelectric micromod-
ules.®>* The microstructure has a decisive influence
on the properties of thin films.? On the other hand,
deposition and heat treatment technologies are
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reliable for achieving suitable and stable character-
istics. If the dimensionless figure of merit for bulk
materials is sufficiently hlgh this parameter for
thin films is still a challenge

The solubility limit of Cd in the PbTe matrix can
be up to 15%.>'° The formation of such a solid
solution is atypical because of the significant differ-
ence of its components in the crystal structures
(sphalerite for CdTe and rock-salt-type for PbTe)
and the bandgaps [E, (CdTe) = 1.534 eV'! and E,
(PbTe) = 0.31 eV'2]. On the other hand, the forma-
tion of the single-phase solid solution is energeti-
cally advantageous due to the proximity of lattice
constants. PbTe and CdTe crystallize in a cubic
modification with similar values of the lattlce
constants: 6.4611 A'® and 6.4820 A, respectively.'*
Excessive doping by bivalent elements (including
cadmium) leads to the derivation of nanoscale
precipitations which are effective scattering centers
for phonon propagation.'®


http://orcid.org/0000-0001-5363-1592
http://crossmark.crossref.org/dialog/?doi=10.1007/s11664-020-08561-5&amp;domain=pdf

Naidych, Parashchuk, Yaremiy, Moyseyenko, Kostyuk, Voznyak, Dashevsky, and Nykyruy

Lead telluride-based solid solutions crystallize in
a rock-salt structure.® According to density func-
tional theory (DFT) calculations,”'® the energy of
such material in a cubic rock-salt lattice structure
is lower than if the same composition is formed by
a sphalerite crystal lattice. In the case of lead-
cadmium-telluride, cadmium atoms substitute lead
(Pb).'® The electroneutral cadmium atom substi-
tution in the lead position is a dominant point
defect.? On the other hand, the behavior of the
neighboring atoms and modification of the struc-
ture due to the presence of a Cd atom remains
unclear.

Modeling of the crystal structure of such material
is especially important in the case of thin films. The
film morphology is related to the stability of its
surface. Crystal structures tend to minimize their
total surface energy, according to Woolf's theorem.
First, the surface contains discontinuities of the
periodic crystalline potential and defects of the base
crystal. Incomplete bonds are partially rearranged,
for example, forming dimers, surface reconstruc-
tions, or remaining as broken bonds. Atoms on the
surface can be repositioned vertically or sideways,
forming new bonds and resulting in surface recon-
struction.’”'® The surface energy depends on the
orientation of the crystal and the reconstruction of
the surface, i.e. the possible permutation of the
surface bonds and atoms.'”'® The reduction of the
number of broken bonds on the surface decreases its
energy, while the distortion of the bonds increases
such energy.

Another important factor for the formation of the
surface of films is the structure of the substrate.
Discrepancies in the values of the lattice parameter
of the film and substrate material cause internal
stresses at the boundary of these materials.?*?!
Accordingly, changing the substrate material and
temperature growth modes can affect the structure
of the film, the shape and size of the surface
formations, and its properties for applications. Such
film growth is described in some other studies. For
example, in®? the epitaxial growth of polycrystalline
PbTe films on Si and glass substrates was observed.
Thus, according to?® the epitaxy occurs when the
crystal structure of the film and the substrate are
similar, as we have observed for the lattice constant
of PbTe and CdTe.

In this work, we investigate the crystal structure
modification for Pb;_,Cd,Te thin films due to the
presence of Cd. The thermodynamic properties of
Pb-Cd-Te films have been calculated using the first-
principle method and rigid band approximation.
Such analysis clarifies the crystal reorganization
during film growth. Furthermore, using the low-cost
and simple vacuum evaporation method, the fabri-
cation of single-phase Pby 9Cdg 1Te:Pb (3 at.%) films
with a high-quality surface was carried out, making
this a promising material for application in film
thermoelectric modules.

EXPERIMENTAL AND COMPUTATIONAL
DETAILS

Pre-synthesized Pby 9Cdy 1Te:Pb (3 at.%) material
was used for film fabrication. Synthesis of the
compound was carried out by the melting of compo-
nents in sealed quartz ampoules evacuated to a
residual pressure of 0.01 Pa. The ampoules were
subjected to rigorous purification, which included
washing in 1HNO3:3HCI concentrated acid mixture
and frequent cleaning with distilled water and
isopropanol. Only highly pure initial components
Pb (99.999), Cd (99.999), and Te (99.999) were used
for the synthesis.

Pb-Cd-Te thin films were deposited by open
vacuum evaporation technology on glass and poly-
crystalline silicon (Si) substrates. The temperature
of the substrate and evaporator was T's = 473 K and
Tr = 833 K, respectively. The thicknesses of the
films were determined by the time of deposition in
the range of 20-80 s. The scanning electron micro-
scopy analyses were performed using a JEOL JSM-
6460LV scanning electron microscope.

The structure of the deposited films was exam-
ined with an X-ray diffractometer using Cug,
radiation. X-ray diffractometry results were pro-
cessed by the Rietveld method using FullProf.2k
(version 5.30) from the WinPLOTR software pack-
age. The details of the use of these techniques are
described in Ref. 24. The possible prevailing orien-
tation (texture) of the main phase grains was
determined using the Marsh—Dollas prevailing
orientation.?’

A thermodynamic method, based on minimizing
the total energy of the cluster, was used to study the
energy characteristics. The estimation of the local
minimum on the potential energy surface and the
calculation of the energies of vibrational spectra
were performed using GAMESS quantum-chemical
software.??” The spin-restricted Hartree—Fock
(RHF) method and the hybridized basis set
B3LYP?*?®  with the Stevens—Basch—Krauss—
Jasien—Cundari (SBKJC) parameterization were
used. The high accuracy of this approach for both
structural and thermodynamic properties of solids
has been confirmed in many papers (see, e.g.>?9).
The elastic properties of ideal PbTe crystals were
determined using the method, based on the stress—
strain relationship, described in Refs. 30, 31.

The enthalpy of formation H of a crystal can be
determined using the rigid molecule approxima-
tion®? from the following expression:

H ~ He. +H31b + Evib(T) + Hrot(T) + Hirans (T)
+ RT,

(1)

where H.. is the electronic component of enthalpy,
H;, is the vibrational component of enthalpy, Hgib

is the enthalpy of the zero-point vibration, H,, is
the rotational component of enthalpy, Hi,.ns is the
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translational component of enthalpy, R is the
universal gas constant, and 7 is the temperature.
A similar approach was used for the calculations of
formation energy AE for the crystal.

The entropy of the crystal is the sum of the
components:

AS = Strans + Srot + Svib + Selec — nR[ln(nNO) - ]-]7
(2)

where N is the Avogadro constant, n is the number
of moles of molecules, and M is the mass of the
molecule.

After calculating the contributions of entropy and
enthalpy, the Gibbs energy of the crystal at a given
temperature T can be calculated as follows:

AG :Helec +H31b +Hvib(T) +Hrot(T) +Htrans(T) +RT
- T(Strans + Srot +Svib + Selec — R [ln(nNO - 1])

(3)

The calculations of the specific heat capacity were
derived using the above thermodynamic potentials.

The construction of the clusters used for the
calculations was studied in detail in previous
works®*5 for binary compounds. In our case,
structural modeling was performed regarding the
results of the defect subsystem analysis. The com-
puter simulation of the surface effect on the ther-
modynamic parameters has been studied for lead
selenide films.?® For solid solutions with a small
quantity of Cd atoms, the possible defect states
should be considered, as shown in previous
works,?37:38

RESULTS AND DISCUSSION

The developed small cluster models have been
used for a study of the film surface. Consequently,
the determining factors affecting the physical prop-
erties are the structure of the surface layers. In this
case, the influence of three-, four-, and five-coordi-
nated atoms (surface atoms) becomes more deter-
minative on the finite parameters than the atoms in
the bulk (six-coordinated atoms). On the other
hand, the agreement with the experimental data
for the case of small clusters indicates sufficient
accuracy of the proposed method.

The properties of Pb;_,Cd,Te solid solutions were
determined using the developed cluster models.
These models consist of 8, 27, 56, and 64 atoms;
each model corresponds to the rock-salt structure
(Fig. 1). The first model of Pb,Te, (Fig. 1a) consists
of four atoms of lead and four atoms of tellurium.
The second model of Pb;3Cd;Te 3 (Fig. 1b) consists
of 13 atoms of lead, 13 atoms of tellurium, and one
cadmium. This model takes into account only the
location of the Cd atom inside the cluster. The third
(Pb25Cd3T928) (Flg lc) and fourth (sznggTe;gz)
(Fig. 1d) models also consider the possibility of Cd

location on the surface of the cluster, which is very
important in the case of the thin films.

The main attention in the construction of cluster
models was paid to the symmetry and the electric
charge of the clusters to avoid distortion of the
structure due to surface forces. The number of
bonds of an atom with its neighbor determines the
number of six-, five-, four-, and three-coordinated
atoms in each model. This approach allows us to
construct a system of equations for the estimation of
the thermodynamic parameters of the clusters.

X-ray structural data analysis®>*° indicates that
the predominant growth directions of the thin films
of PbTe-based materials are (100) and (110). The
model images of such surfaces in the given crystal-
lographic projections are shown in Fig. 2.

X-ray diffraction revealed that the structure of
the sample remained a single phase within the
detection limit of the instrument, and the positions
of the atoms correspond to the structure of the rock
salt. With the increase of cadmium content, the
lattice parameter exhibits a linear tendency to
decrease (Fig. 3).

The lattice parameter and energy structure of
Pb;_.Cd,Te crystals were calculated®!® using a
tight-binding description of constituent materials
and virtual crystal approximation. The obtained
data shows that the rock-salt structure is more
energy-efficient for Pb-Cd-Te solid solutions. More-
over, the introduction of cadmium atoms into the
PbTe matrix changes the structure only after its
content is more than 0.8 at.%. The atom of Pb began
to disorient the neighboring atoms in the CdTe
matrix already at the content of ~ 0.25 at.%

According to the X-ray structural analysis, the
predominant (200) direction of growth was observed
for all samples. Simultaneously, the details of the
crystalline structure are different for films that
were grown on the different substrates. From the
diffraction patterns of the films grown on the glass
substrate, the single-phase nature of all films is
clearly shown (Fig. 4). The lattice parameters of
investigated films are presented in Table I. The first
two films were deposited under the same conditions
on glass and silicon substrates. It allows us to
compare the behavior of thin-film solid solutions
from the nature of the substrate.

The increase in the size of the lattice parameter in
the samples with less thickness (set by less time of
deposition) is probably related to the influence of the
substrate during the formation of the nucleus. After
increasing the film thickness, the lattice parameter
remains unchanged within the accuracy of its
determination.

Scanning electron microscopy (SEM) images of
the surface of the Pb-Cd-Te film (with a magnifica-
tion of 100 and 5000 times: Fig. 5(a) and (b),
respectively) deposited on silicon substrate indicate
the oriented growth caused by silicon. The location
of the micro-cracks (Fig. 5a) corresponds to the
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(b)

Fig. 2. The visualization of PbTe films with cleavage in the directions of (100) (a) and (110) (b).

structure of the substrate in the (100) direction. The surface (Fig. 5b). The heights of the individual
magnification of the separate grain shows the nano-islands are homogeneous.
uniform orientations of the nano-islands on the
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Fig. 4. X-ray diffraction patterns of PbgoCdy1Te:Pb (3 at.%) thin
films deposited on glass substrates: (a) sample 1; (b) sample 2.

X-ray diffraction studies of PbgygCdy:Te: Pb (3
at.%) samples confirm these assumptions, as two
more phases were detected: pristine Pb (~ 1.6
mass%) and impurities of CdTe (~ 3 mass%).

Accordingly, the lattice parameter of such inclu-
sions changes the value in the direction to increase:
the main compound is characterized by a lattice
parameter of 6.448 A, and the inclusion of CdTe is
about 6.481 A. On the surface of the section of these
phases, one can expect the changes in properties
related to dimensional effects and charge redistri-
bution due to the formation of new bonds. Such
inclusions lead to stresses on the surface and in
bulk.

The classical March—Dollase function is used for
analysis of the powder diffraction patterns.?* The
degree of predominant orientation of crystallites
was found as:

P, =G+ (1-Gz) -W(a), (4)
where
sin? o -32
W(x) = (G% cos? o + ) . (5)
Gy

Here, G5 is the fraction of crystallites without
predominant orientation, and W(x) is a weighting
function for describing the proportion of crystallites
in which the vectors & of the inverted lattice are
parallel to the surface normal n of the sample.
Considering that the powder method was used, the
direction n is also the direction of the predominant
orientation H. The angle « is the angle between the
vectors h and H in the single crystal, that is, the
acute angle between the scattering vector and the
direction of the predominant orientation.

For films grown on glass substrates, the values of
the parameter G; with increasing film thickness are
2.79 (216 nm in thickness) and 1.23 (297 nm in
thickness), respectively. For the sample in which
the surface is characterized by a set of flat plates,
where the plate crystals are packed along the
diffraction vector, the value of G; < 1, and in the
case of needle crystals, the value of G; > 1. Accord-
ingly, the crystallites on the surface of the film have
an elongated shape along the direction perpendicu-
lar to the plane of growth. As the film thickness
increases, the value of the parameter G, decreases
to 0.1. The process of growth of such a film can be
represented as follows. On the initial island surface,
the growth after the deposition is accompanied by
the growth of islands in the direction parallel to the
surface of the substrate and filling the cavities to
form plate crystallites. Thus, nucleus growth occurs
by the Volmer—Weber mechanlsm which later
transforms to form films by the Frank—van der
Merwe mechanism. Such a change in growth mech-
anisms with deposition occurs for the following
reasons. First, the formation of three-dimensional
statistically located individual islands is observed
through the efforts of the system to minimize the
energy. Their base will be strongly deformed. The
deformation decreases simultaneously with the
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Table I. Measured values of lattice parameter a for Pby9Cdg 1Te:Pb (3 at.%) thin films deposited on glass and

silicon substrates

Glass Silicon
Substrate materials . .
Sample no. Time of deposition, s Thickness, nm a, A Thickness, nm a, A
1 80 338 6.436 + 0.002 338 6.446 + 0.001
2 60 297 6.432 + 0.003 270 6.452 + 0.001
3 20 216 6.446 + 0.002

Fig. 5. SEM images for Pbg oCdo 1 Te:Pb (3 at.%) thin films deposited on the silicon substrate with lower (a) and higher (b) magnification. The
SEM image with lower magnification was obtained using the BEC-mode, and SEM image with the higher magnification was done using SEI-

mode.

distance from the substrate to the vertices of the
columnar structures. The growth of such nanos-
tructures occurs until the stresses at the level of
their vertices disappear entirely. Then, a sticking of
these vertices is observed, which is reflected by the
formation of lamellar structures on the film surface.

The growth plane of the films on silicon sub-
strates is (100). This can be seen from the corre-
sponding diffraction patterns (Fig. 6) by a single
reflex (400) by Si. This conclusion is also confirmed
by the SEM image in Fig. 5(a) (see above). The
considerable intensity of the peak (100) of the film
indicates the growth of the almost single-crystalline
mosaic film. However, the presence of weak diffrac-
tion peaks of the film from other planes suggests
that the film also has crystallites that grow in a
disoriented manner. A deviation from the single-
crystal form was observed when deposited on a glass
substrate. The predominant orientation in the (200)
direction is maintained, but the intensity of the
other peaks increases because there is no one clear
orientation of the substrate material. The deposition
of polycrystalline material with different orienta-
tions of these crystallites on the amorphous glass
substrate is natural. For example, in Ref. 42, the
polycrystalline PbTe films on Si and glass sub-
strates are obtained as a result of the epitaxial
growth.

It was observed that a film of 338 nm in thickness
has 95% of oriented crystals, and the film of 270 nm
in thickness has 93% of such crystals. The value of
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Fig. 6. The X-ray-diffraction pattern of Pby gCdg 1Te:Pb (3 at.%) thin
films deposited on silicon substrate (sample 1).

G, is equal to 14 and 18, respectively. Thus, such
surface nanocrystals are needle-type. But, the ratio
of their height to width decreases with increasing
thickness, similar to the films grown on the glass
substrate. Therefore, the growth of films on the
silicon substrate is almost unidirectional, and a
mechanism of growth is characterized by the
Volmer—Weber mechanism. The lattice parameter
of films decreases with increasing thickness. It is
due to the decrease of the micro-stresses caused by
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the significant difference between the lattice param-
eter of the film and the substrate. This mechanism
of growth and the observed homogeneity of the
composition of islands indicate that the rate of
diffusion within the nano-islands is much greater
than the rate of change of their radius (the rate of
formation of surface nanotubes).*?

The occurrence of cadmium atoms in the position
of tellurium was simulated in accordance with the
X-ray structural analysis (Fig. 7). During the cal-
culation, the crystal lattice was distorted. The
chalcogen atoms approached the introduced cad-
mium, and the metal atoms were moved away from
it. The energetic advantage of replacing the Pb
position by Cd is confirmed by the homogeneity of
the structures studied with the X-ray data and SEM
investigations. The evolution model of the specified
substitution is shown in Fig. 7. Such transforma-
tions on the surface are energetically more likely.
The possibility of such equilibrium positions at
deeper levels in the bulk of material will require
higher energy.

The simulation of the process of the cadmium
atom replacement in solid solution was carried out
for the PbsoTess cluster model.*® The calculations of
the Cd atom in each position of Pb with the
formation of three-, four-, five-, and six-coordinated
bonds were made separately. The formation energy
of such a structure is the difference between the
values of the total energy of the structure of the
binary compound and a solid solution. The forma-
tion energy of the Cdpy, defect at different positions
in the surface structure with the formation of three-
, four-, and five-coordinated bonds and inside the
structure with the formation of six-coordinated
bonds, equal to: 0E3 = 3.691 eV, JE, = 3.545 eV,
O0E5 = 3.744 eV, and SEg = 3.844 eV, respectively.

The three-coordinated Cd atoms tend to form
hexagonally arranged bonds (the angles between
the bonds are about 1062 and to reduce the
interatomic distance. The four- to five-coordinated
Cd atoms also show a strong attraction to neigh-
boring atoms. However, their symmetrical arrange-
ments in the structure and the considerable degree

of ionicity of the bonds in CdTe cause a smaller
change in the interatomic distance and preserve the
structure of the matrix of the primary compound.
Cd atoms, which replace the Pb atoms, do not
change the structure of the compound and form six
bonds that cause charge irregularity in the vicinity
of these defects.

The difference between the ionic radius between
Cd (0.097 nm) and Pb (0.12 nm) can lead to the
formation of quantum defects in the lattice.® Chang-
ing the distance between atoms in the new structure
leads to change in the potential of the neighbor to
the substituent cadmium and lead atoms, and is
carried out to change of the binding energy of the
surface electrons of chalcogen to their nuclei. Usu-
ally, the distances between Cd and Te in the ternary
compound are higher, and therefore the electron
binding energies for Cd atoms increase, and for Te,
it decreases compared to binary compounds. Such
redistribution leads to the local narrowing of the
bandgap in the impurity atom region.

The types of bonding in the crystal structure and
the density of electronic states (DOS) can be conve-
niently studied by analyzing the maps of the
distribution of the spatial charge (Fig. 8). First, we
can conclude that the Cd atom, which replaces the
Pb atom, creates a local region of high charge
gradient. The electron density around the chalcogen
atoms is higher than around the metal atoms. The
bonds are formed by the redistribution of charge
between interacting atoms. Since the chalcogen
contains six valence electrons and the Pb and Cd
have four and two valence electrons, respectively,
this situation is reasonable.

The surface plays a crucial role in the description
of the properties of the system due to small size of
the studied film structures. Namely, the contribu-
tion of DOS on the surface of films is about 84% of
the contribution for the entire cluster (Fig.9).
Inclusions containing Cd also significantly affect
the DOS in the bandgap and deep in the conductive
band and valence bands (the value is ~ 31%).

Three- and five-coordinated Cd atoms indepen-
dently form a noticeable accumulation of surface

Fig. 7. The simulation of the Cd substitution of the anion position at the Pb,3CdTe43 cluster surface.
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charge. The impurity levels on the DOS (Fig. 9) are
next: a significant peak in the valence band at
—5 €V, and in the conductive band in the range 25—
28 eV. The contribution of all three Cd atoms forms
a small but noticeable peak near the Fermi level. It
should be noted that due to such a significant
influence on the DOS, the contributions of both
atoms inside and on the surface differ little. It was
indicated that the CdTe inclusions should signifi-
cantly change the thermoelectric properties of
materials based on the studied solid solutions.

The change of the thermodynamic properties of
clusters was determined by increasing their size.
The clusters were chosen taking into account the
maxima of symmetry and composition of the struc-
ture. It should be noted that significant changes
were observed only in small clusters (0.3—0.7 nm).
The application of model approaches allows us to
obtain a good match of the studied characteristics
with the experimental data for structures

containing ~ 60 atoms. Accordingly, it can be
argued that clusters of such small sizes can be used
for modeling of the materials.

The calculation of the equilibrium positions of
atoms using the SBKJC-based functions allowed us
to obtain the optimized coordinates of atoms in
clusters. A rigid-molecule approximation***® was
used in our calculations. The clusters were repre-
sented by rigid blocks of which the crystal structure
is composed. These values were used as initial
values in the calculation of the fundamental oscil-
lational, rotational, and translational frequencies.
The methodology for calculating the thermodynamic
parameters is based on the search for normal
oscillation frequencies at which the determinant is
zero. For these frequencies, the calculation of the
statistical sum for the oscillatory components and
the thermodynamic functions according to standard
formulas has been performed. The formation energy
AE, enthalpy of formation AH, entropy AS, Gibbs
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energy AG, and heat capacity at constant volume of
Cv were calculated, considering the sum of the
components for each parameter: the electronic
component, the vibrational component with an
account of a zero-point parameter of vibrations,
the rotational component, and the translational
component.46

Changing the size of the cluster, and accordingly
the number of atoms at the surface area, influences
the values of the thermodynamic parameters
(Fig. 10). Since the smallest cluster (Fig. 1a) con-
tains only three-coordinated atoms, the graphs
show much smaller values for the energy AE and
enthalpy AH. Although, these values are close for all
clusters since they are determined mainly by vibra-
tional and rotational degrees of freedom. The oppo-
site state is for Gibbs energy and entropy. Here, it is
clear that both the behavior and the numerical
values of these quantities with increasing the
number of atoms in clusters differ significantly only
for small clusters. The temperature dependence for
Gibbs energy and entropy for 56 and 64 atoms

thermodynamic parameter tendencies versus tem-
perature are shown in Table II.

The same situation was observed for the heat
capacities at constant pressure Cp and volume Cy
(Fig. 11). That is, we can conclude that the restric-
tion of only cluster d (Fig. 1d), which includes 64
atoms, allows us to obtain both qualitatively and
quantitatively reliable results. Thus, it is not nec-
essary to perform computations for more complex
clusters that require longer computations or signif-
icantly more expensive computer hardware.

The numerical values for the specific heat capac-
ities in the entire studied temperature range are
close for all clusters, but they do not exceed the
values of the thermal heat capacities according to
the Dulong—Petit law. The increase of clusters size,
and thus reducing the ratio of surface area to bulk,
is accompanied by a decrease in the fraction of the
low-frequency vibrations of the phonon spectrum.

The number of broken bonds on the surface does not
significantly affect the value of heat capacity. For
PbysCdsTess and PbagCdsTess clusters, the number of

coincides. The equations that describe the atoms with the same coordination number is the same
(@) (b)
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Fig. 10. The simulated formation energy AE (a), formation enthalpy AH (b), Gibbs free energy AG (c), and entropy AS (d) as a function of

temperature for the investigated Pb-Cd-Te clusters.
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Table II. Approximation coefficients (a;,b;,c;) of temperature dependence of thermodynamic parameters
AE(T)[AH(T), AG(T)] = ;T + b;, AS(T) = a; In(T) — b;, and ACp(T) = a; +b; - 1072 -T —¢; - 10° - T2 at T = (50-1000) K

Approximation coefficients

Thermodynamic parameter a;, kJ/mol K b;, kdJ/mol ¢;, kd/mol K2 Number of atoms
Energy of formation, 0.0776 2.3549 27
AE, kdJ/mol 0.1658 4.4092 56
0.1914 3.2373 64
Enthalpy, 0.0787 2.3549 27
AH, kJ/mol 0.1668 4.4092 56
0.1926 3.2373 64
Entropy 41.873 104.83 27
AS, J/mol K 42.372 118.7 56
43.022 121.13 64
Gibbs free energy, 0.0751 —3.0609 27
—AG, kd/mol 0.0607 —2.4522 56
0.0644 —2.7844 64
Heat capacity, 43.4818 5.6229 0.109 27
Cp, J/mol K 44.2264 6.0759 0.1204 56
45.0779 5.3517 0.1221 64
(a) (b) 5
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Fig. 11. The simulated specific capacities at constant volume Cy (a) and constant pressure Cp (b) as a function of temperature for the

investigated Pb-Cd-Te clusters.

only for six-coordinated (internal) atoms, and the mag-
nitude of the heat capacity of these clusters is almost
indistinguishable. It can indicate that the numerical
value of heat capacity is independent due to the number
of degrees of freedom of the components of the system.
The use of small clusters allows us to obtain satisfactory
values of heat capacity (Table III) caused by compensa-
tion of the low-frequency cut-off phonon spectrum due to
the finite size of them, and the excitation of low-
frequency modes at low temperatures.

CONCLUSION

In this work, the open vacuum method was
applied to obtain single-phase thin films with a
high-quality surface, which is the main requirement
for their successful practical applications. The

structure of Pbg 9gCdy Te:Pb (3 at.%) films was rock
salt in agreement with the DFT calculations.

Two types of substrates were used to identify the
optimal technological conditions for film fabrication.
It was found that Pb-Cd-Te films grown on the
silicon substrate show higher preferred crystallo-
graphic orientation in comparison with the films
deposited on the glass substrate. However, we also
identify that the technological conditions can affect
the crystallization of the films, and the use of the
proper technological procedure makes it possible to
fabricate films with fine distribution of crystalline
blocks and without any impurity phases. The sur-
face nanocrystals for Pby 9Cdg ;Te:Pb (3 at.%) films
on silicon substrate are needle-type. The crystallites
on the surface of the film deposited on the glass
substrate have an elongated shape along the
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Table III. Thermodynamic parameters of cadmium telluride and lead telluride, and calculated values for
solid solution Pb,9Cd, Te: entropy (AS) and specific heat (Cp) at temperature 273.15 K

CdTe

AS, J/mol K 100.4832%7
10048
. 49

Cp, J/mol K 50 + 0.5°1%2

PbTe Pb0.9Cd0_1Te
110.0392 + 0.2092*" 121.2
110.04 + 2.09%°
50.554%2 48.5
46.753%

direction perpendicular to the plane of growth.
Aiming to find the proper position of Cd in the PbTe
lattice, the defect formation energy calculations
have been carried out. The introduction of the Cd
atom into the Pb position was found to be the most
energetically favorable scenario of defect formation.
The formation energy AE, formation enthalpy AH,
entropy AS, Gibbs energy AG, and heat capacity
have been calculated considering the rigid-molecule
approximation and available crystallographic data.
The numerical values for the specific heat capacity
over the entire temperature range are similar for all
clusters, however slightly lower in comparison with
the Dulong—Petit limit. This finding is important for
estimation of the thermal conductivity of the films.
This work brings light on the fabrication process of
the single-phase Pby 9Cdg 1Te:Pb (3 at.%) thin films
with a high-quality surface using the low-cost and
simple method of open evaporation in a vacuum.
Furthermore, such a method can be effectively
applied for the other types of thermoelectric films.
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