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Introduction 

The development of photovoltaics in recent years is 

characterized by two trends: cheaper final photovoltaic 

systems (1) and increasing of energy conversion 

efficiency (2) [1]. Furthermore, these two issues are 

related. Therefore, many research groups are focusing on 

the study of film photovoltaic cells, which are 

increasingly competing with traditional silicon [2-3]. II–

VI semiconductor group has potential applications in 

solar cell, light-emitting diodes and efficient thin film 

transistors [4]. Among thin-film systems, 

heterostructures of the CIS type [5-6], CIGS [7], CdTe-

based materials [8-10] have become the most effective. 

The expected effectiveness of the latter, in particular, 

reaches 28-30 % [11]. This is what causes the 

development of research on both heterostructures for 

photoelectric energy conversion and the study of 

technology, electrical, photoelectric, and structural 

properties of a separate layers of such heterosystems. 

After all, the current level of thin-film technology allows 

to specify the technological conditions for the formation 

of their structure and, in particular, the structure of 

surface nanoobjects, which also largely determine the 

properties of such layer [12].  

CdTe-based structures are definitely interesting and 

one of the most relevant heterosystems [13]. CdTe-based 

films have the ability to generate and accumulate carriers 

perfectly. However, to increase efficiency, additional 

layers are added, which have their own unique 

properties. CdS is the materials that show the absorption 

in the ultraviolet (UV), visible and near-infrared (NIR) 

region and also shows optical nonlinearity, can be very 

useful in high harmonic generation, optical parametric 

oscillation, Kerr effect. CdS are found to exhibit 

absorption in the NIR region. The nonlinear 

susceptibility measurement on different CdS systems like 

nanoparticles, clusters, and nanocrystaline thin films of 
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CdS are reported [14] In particular, the CdS layer, due to 

the large value of band gap, absorbs very well over a 

wide range of optical spectra [15]. However, this layer is 

combined with other materials, in particular CdTe, due to 

the low ability to accumulate such a generated charge. 

That is why there are a large number of studies of 

different characteristics of the CdS/CdTe type 

heterosystem [16-18]. The efficiency of such systems is 

15.8% at the 50 nm thickness of the CdS layer [19]. 

Accordingly, for such a small thicknesses, the basic 

properties will be determined by the structural 

characteristics of their surface. 

The properties of a single CdS layer have been 

ivestigated in various studies. It should be noted that 

different technological approaches lead to different 

properties of the obtained CdS layer, and also differ in 

the different cost of obtaining such a layer. In particular, 

in [20] CdS layers were obtained by electrodeposition. In 

this paper, it is shown that by reducing the layer 

thickness below 50 nm, electrodeposition technology 

leads to a deterioration in the efficiency of such a system. 

A layer of 100–150 nm in the g/FTO/n-CdS/nCdTe/p-

CdTe/Au type structure is proposed as optimal. In [21] 

the CdS layers were obtained by magnetron sputtering to 

study their optical properties. The thickness of the layers 

was 200-400 nm. In [22] CdS thin films were obtained in 

a chemical bath, in particular, by the CBD method of thin 

film deposition. This shows a good consistency of the 

CdS and CdTe crystal structures, and also obtained the 

following characteristics: Jsc of 14.7 mA/cm2, Voc of 

100.53 mV and FF of 27.7% is observed. 

This paper proposes the study of the properties of the 

CdS layer obtained by the physical vacuum deposition 

method. Such technologies are quite simple and cheap. 

However, they make it possible to obtain individual 

layers with controlled characteristics of surface structure 

and optical parameters. 

I. Experiment 

Thin CdS films were obtained by open evaporation 

in vacuum on glass substrates. Technological modes of 

deposition are given in table 1.  

Table 1.  

Technological factors of CdS condensate deposition 

in open vacuum on glass substrates. The substrate 

temperature was 473 K, the evaporator temperature was 

1153 K. 
 

Sample 

number 

Deposition 

time, τ, s 

Thickness 

d, nm 

1а 90 560 

1b 90 560 

2a 60 420 

2b 60 420 

3a 90 540 

3b 90 540 

4a 90 515 

4b 90 515 

5a 150 1215 

5b 150 1215 
 

The thickness of the films was set by the deposition 

time and controlled by a profilometer. 

II. Ab initio modeling of crystal 

structure and electron distribution 

The current level of development of thin-film 

materials requires not only a constant experimental 

search for optimal synthesis conditions, but also a 

purposeful approach to their selection in order to obtain 

materials with predetermined parameters. In the 

theoretical description of such systems, it is necessary to 

take into account and describe the interaction between all 

electrons of a polyatomic system. It is quite complex, but 

the techniques are based on the density-functional theory 

[23-24] allow this to be done with high accuracy up to 

1 kcal / mol and for large nuclear systems. Electron 

density is a fundamental characteristic of systems, it 

contains a significant amount of structural information, 

including data on the features of crystallographic fields 

and determines the various properties of molecules and 

crystals. 

In this paper, we investigated the electronic 

properties of an impurity-free CdS (100) film applying 

the calculations from the first principles. The results were 

obtained using program code [25], which implements the 

Car-Parrinello quantum-mechanical dynamics with local 

approximation of density functional theory [26] and 

norm-preserving pseudopotential from the first principles 

of Bechelet, Hemenn, Schleter [27]. 

 
Fig. 1. Undoped CdS film. 

 

To reproduce an infinite CdS film, an atomic basis of 

a primitive tetragonal superlattice cell was created, 

consisting of 64 atoms: 32 Cd atoms, 32 S atoms, as 

shown in Fig. 1. The cell parameters were chosen to 

permit the modelling of an infinite surface of the film in 

the X and Y directions, and in the Z direction - free 

surfaces (100) with a passive coating. 

Fig. 2 shows the cross sections of the spatial 

distributions of the valence electron density in mutually 

perpendicular planes (110) and (100) for CdS film 

without impurities with a viewing radius 5.8 Å.  
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Fig. 2 Spatial distribution of the electron density of 

valence electrons for an impurity-free CdS film: (a) at 

0.9 – 1.0 of the maximum, the viewing radius is 5.8 Å; 

(b) cross sections of the spatial distribution of valence 

electrons in mutually perpendicular planes (110) and 

(100) for impurity-free CdS film. 

We obtained the distributions of valence electrons by 

energy zones and their intersections in the planes (100) 

and (110) of the eight-layer impurity-free CdS film. The 

figure below (Fig. 3) shows the distribution of electrons 

in the energy zones for the Γ-state. In this case, the 

energy in atomic units is plotted on the horizontal axis, 

and the vertical – number of states per elementary energy 

interval. According to fig. 3, the minimum range of 

impurity CdS film corresponds to the value from  

E = - 184.89 a.u.e. to E = 16.63 a.u.e. with the maximum 

population of the states of the valence band 23. The 

number of allowed states was determined by half the 

number of electrons (electron spin is not taken into 

account).  

III. Calculation of thermodynamic 

parameters 

Since thermodynamic parameters of heat capacity, 

entropy, thermal expansion and Gruneisen parameter for 

semiconductors are related to other physical properties – 

elastic and mechanical properties, it is critical to achieve 

accurate information of thermodynamic properties at 

certain pressure and temperature for fabrication and 

application of advanced semiconducting materials [4] 

The thermodynamic data of the clusters may be useful to 

estimate the direction of chemical reaction involved 

during their formation and also helps us to evaluate other 

thermodynamic functions according to Maxwell’s 

thermodynamic relations [14]. 

The program code PC Gamess (US) [28] was used to 

calculate the thermodynamic parameters of the impurity-

free solid-state СdS compound. The calculations were 

carried out using density functional theory, on the basis 

of Stevens-Basch-Krauss-Jasien-Cundari (SBKJC) [29] 

parameterization. In this basic set only the valence 

electrons which are directly involved in chemical 

bonding are considered. DFT calculations were 

performed by using Becke's three-parameter hybrid 

method [30] with Lee, Yang, and Parr (B3LYP) gradient 

corrected correlation functional [31]. 

In the sphalerite structure of CdS, each atom of Cd 

or chalcogen (S) is located in the center of a regular 

tetrahedron, in the four vertices of which are the atoms of 

another element S (Cd), respectively. In this case, the 

chemical bond between Cd-S atoms is due to the valence 

electrons Cd-5s2 and S-3p4. 

In choosing the size and shape of the cluster, the 

purpose is to choose the optimal cluster size in terms of 

the balance between size and time spent on the 

calculation, given that with the increase in cluster size 

the stability of the system increases [14].  

 
Fig. 3. Distribution of valence electrons by energy zones for impurity-free CdS film (100). The number of states is 

plotted on the vertical axis, and the energy range in atomic units is plotted on the horizontal axis.  
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To calculate the thermodynamic parameters of the 

crystal structure of sphalerite, models of two clusters are 

proposed: "small" (Fig. 4, a) and "large" (Fig. 4, b). 

 

a) 

b) 

 
c) 

Fig. 4. Models of clusters: CdS4C2H2 (a) and Cd4S13C6H6 

(b) for the cubic phase CdS and Cd15S15 (с) for 

hexagonal modification. 

In the "small" cluster of the sphalerite structure of 

CdS (Cd + 4S) the influence of the nearest neighbors of 

the boundary atoms is taking into account and realized by 

forming bonds of four electrons of carbon (C) atoms and 

one electron from hydrogen (H) atoms, which 

corresponds to the formula CdS4C2H2 (Fig. 4, a). 

The two clusters are selected so that from the 

calculated values for the "large", which corresponds to 

the formula Cd4S13C6H6 (Fig. 4, b), the triple values for 

the ligands of the "small" cluster (Fig. 4, a) subtracts to 

obtain values only for the cadmium chalcogenide 

compound – CdS. Since the effect of ligands is 

insignificant (Fig. 4, b), such a contribution can be 

discarded in the calculation without significant loss of 

accuracy. 

Using the values for the equilibrium positions of the 

atoms in the proposed clusters, the thermodynamic 

characteristics were calculated. When calculating ΔE, 

ΔH, ΔS, ΔG used the following method of taking into 

account the initial conditions, which is shown by the 

example of the energy of formation ΔE. Initially, the 

formation energy of cluster А ΔEА was calculated 

(Fig. 4, a) according to [32-33]: 

A el atE E E E = − +   ,  (1) 

where ∆Еі – energy of formation; E - total energy of the 

system; Eel – electronic energy of atoms that forming the 

system (in the atomic state); Еat – atomization energy. 

The total and electronic energy of the system were taken 

from the results of the calculation, as well Еat – from 

reference materials [34]. The formation energy of cluster 

В ΔEB was calculated in a similar way (Fig. 4, b). After 

that, the triple value of formation energy of cluster A was 

subtracted from the formation energy of cluster B. I.e., 

from the amount of formation energy of the cluster, 

consisting of a sphalerite crystal fragment and six ligands 

(cluster b) the formation energy of ligands was 

subtracted:  

B AE E 3 E =  −  .  (2) 

Cluster (a) consists of two ligands, so the 

calculations require triple values of the corresponding 

variables. 

Based on the calculated vibrational spectra, the 

calculation of the thermodynamic characteristics of the 

CdS compound at different temperatures was performed 

(Fig. 5-6). 

There is no need to involve additional atoms to fill 

the broken bonds to calculate the basic parameters of the 

wurtzite modification of the crystal structure. The cluster 

model consists of 30 Cd and S atoms in equal 

proportions (Fig. 4, c). Then, to find the value of the 

thermodynamic parameter, the obtained values must be 

divided by 15, since the model consists of 15 pairs of 

metal and chalcogen atoms. 

IV. Results and discussion 

Table 2. 

Dimensions of surface nanoformations of CdS / glass films. Technological parameters of deposition see in table. 1. 

Dimensions, 

μm 

1b 1b 1b 2b 2b 3a 3a 4a 4a 5a 

 10 kV 10 kV 30kV        

 1 2 1 1 2 1 2 1 2 1 

Grains 15-20 10 20 30 30 50 30-40… - - >100 

Scales 30 20 20 25 15-20   - -  

Surf. nano-

objects 

      300 - -  
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The sphalerite structure of CdS is stable at low 

temperatures and has a lattice parameter а=5.825 Å [35]. 

In this paper the value of the lattice constant is obtained 

6.1455 Å, which is relatively higher than the data [4] 

using the LDA – 5.816 Å та GGA – 5.990 Å, due to the 

use of additional atoms for compensation of broken 

bonds. The wurtzite CdS structure has parameters 

a = 4.138 Å and c = 6.718 Å [36], and we obtained the 

value a = 4.543 Å, and c =  6.8758 Å.  

 

 
a)  

b) 

 
 

c) d) 
Fig. 5. Temperature dependences of thermodynamic parameters: enthalpy of formation ΔH (a), formation energy ΔE 

(b), Gibbs energy ΔG (c) and entropy ΔS (d) for sphalerite – ● and wurtzite – ♦ CdS modifications and experimental 

data – ▲ [37].  
 

Fig. 5 shows the change of formation energy ΔE, 

enthalpy of formation ΔH, Gibbs energy ΔG and entropy 

ΔS for sphalerite and wurtzite CdS crystals at 

temperatures from 10 K to 700 K. Their analytical 

expressions can be represented by the dependences 

presented in table 3. 

When calculating the heat capacity for sphalerite 

crystal lattice, the triple value of the heat capacity of the 

smaller cluster was subtracted from the heat capacity of 

the larger cluster [32]. That is from CV (CP) cluster 

consisting of a fragment of a CdS crystal and six ligands 

was subtracted CV (CP) of ligands. 

The CdS compound crystallizes in two modifications 

– cubic sphalerite lattice and hexagonal – wurtzite, which 

depends on the synthesis conditions and annealing 

temperature [38-39]. Then it is necessary to find 

theoretical values for the conditions of synthesis of the 

compound with specific crystalline modifications. As 

theoretical calculations [40], and experimental data from 

photoacoustic spectroscopy [41], High Resolution 

XRD [42] indicate a sphalerite-wurtzite phase transition 

in the temperature range 523–573 K. The wurtzite 

modification is more stable, as evidenced by the value of 

the Gibbs energy and the energy of formation [43]. 

Comparison of the values of Gibbs energies ΔG for 

sphalerite and wurtzite modifications indicates a 

transition from cubic to hexagonal modification at 

320.74 K. It should be noted that the data [44] indicate 

the existence of both phases at a temperature of 

367.15 K, so the ab initio methods quite accurately 

determines the temperature of the phase transition. 

The calculated analytical expressions (Table 3) of 

the obtained temperature dependences of heat capacities 

at constant pressure and volume, respectively, which 

were approximated from quantum chemical calculation 

points using the Maple mathematical package, are 

described by the following temperature dependences 

(Fig. 6). 
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Table 3. 

Coefficients ( , ,i i ia b c ) of approximation of temperature dependences for thermodynamic parameters 

 ( ) ( ) i iE T H T aT b  = + ;  5 2( ) 10i i iG T a T bT c− =   + + ;  ( ) ln( )i iS T a T b = −  and 

3 5 2

, ( ) 10 10V P i i iC T a b T c T− −= +   −    for CdS compounds at the temperature range T=(10–700) K. 

Thermodynamic parameter Coefficients Crystal 

modification аі bi ci 

Energy ΔE* 
0.1653 6.3377 

 

sphalerite 

0.0426 4.1641 wurtzite 

Enthalpy ΔH* 
0.1487 6.337 sphalerite 

0.0434 4.1642 wurtzite 

Gibbs free energy ΔG** 
5 0.0468 -1.1962 sphalerite 

10 0.0496 -7.2381 wurtzite 

Entropy ΔS*** 
29.977 81.367 

 
sphalerite 

35.094 98.694 wurtzite 

Heat capacity CV**** 
37.2622 29.9051 0.0371 sphalerite 

33.478 15.733 0.0962 wurtzite 

Heat capacity CP**** 
42.8054 29.9051 0.0371 sphalerite 

34.3095 15.7329 0.0962 wurtzite 
 

       , : / , / ( )i iE H b kJ mol a kJ mol К   = =   

       2** : / ( ), / ( ), /i i iG a kJ mol К b kJ mol К c kJ mol =  =  =  

    2*** : / ( )iS b J mol К =   

      2

,****[ ( )] : / , / ( ), / ( )V P i i iC T a J mol b kJ mol К c J mol К= =  =   

 

 
(a) 

 
(b) 

Fig. 6. Temperature dependences of specific heat 

capacity at constant volume CV (a) and pressure CP (b) 

for sphalerite – ● and wurtzite – ♦ CdS modifications and 

experimental data – ▲ [37]. 

A good agreement of the calculated values of the 

specific heat at constant pressure for the hexagonal 

modification of the CdS crystal lattice with the 

experimental data [37] is obtained, which confirms the 

stability of the wurtzite phase. The need to attract 

additional atoms to compensate for broken bonds does 

not completely eliminate the effect of the contribution of 

free energy of broken bonds, which is manifested in the 

overestimation of the heat capacity of CdS clusters with a 

crystalline structure of sphalerite. In the generalized 

consideration of heat capacities it is possible to trace the 

regularity of behavior for binary compounds and 

subordination to Debye theory at low temperatures and 

stabilization at high, which corresponds to the theory of 

Dulong and Petit, although exceeding the values for 

cubic modification for the sphalerite phase.  

Conclusions 

1. Cluster models and boundary conditions for 

calculation of crystal structure, distribution of valence 

electrons by energy zones and thermodynamic 

parameters of CdS layers as a part of thin-film 

heterostructures are offered. 

2. Temperature dependences of thermodynamic 

parameters for wurtzite and sphalerite phases of 

crystalline CdS are determined: energy of formation ΔE, 

enthalpy of formation ΔH, entropy ΔS and Gibbs energy 

ΔG. 

3. Analytical expressions for the temperature 

dependences of the heat capacity of cubic and hexagonal 

CdS crystals at a constant volume Cv and pressure CP are 

obtained from the first principles. 

4. It is determined that the wurtzite modification is a 
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more stable crystal structure in the region of medium and 

high temperatures for cadmium sulfide. The phase 

transition temperature for CdS is determined at 320.74 K. 
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Розрахунки із перших принципів стабільної геометричної 

конфігурації та термодинамічних параметрів тонкоплівкових 

конденсатів кадмій сульфіду 
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Розглянуто тонкоплівкові шари CdS, отримані методом відкритого випаровування у вакуумі та 

запропоновано кластерні моделі для розрахунку кристалічної, зонної структури та термодинамічних 

параметрів. Визначено термодинамічні параметри енергії утворення ΔE, ентальпії утворення ΔH, енергії 

Гіббса ΔG, ентропії ΔS та питомих теплоємностей при сталому тиску CP та об’ємі CV для кубічної та 

гексагональної кристалографічних модифікацій. Із аналізу температурних залежностей енергії Гіббса для 

сфалеритної та вюрцитної фаз визначено стабільну кристалічну структуру для кадмій сульфіду. 
Ключові слова: кадмій сульфід, кристалічна структура, вюрцит, термодинамічні параметри. 


