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Abstract— We presented the first principle study of semiconductor-metal phase in Calcium 

Chalcogenides (CaS and CaSe). The calculations were based on density function theory (DFT) 

within generalized gradient approximation (GGA). The result of equilibrium parameters is a 

good agreement with the available literature. We investigate the stability of the compound as 

pressure is induced and we found out that, the compounds cannot withstand pressure above 

34GPa and 28.6GPa for CaS and CaSe, without distortion. We found out that, there is 

transformation, semiconductor-metal phase transformation for these compounds at pressure of 

95GPa and 68GPa for CaS and CaSe respectively. 
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I. INTRODUCTION 

For the past two decades, researches on effect of pressure 

on structural transformation, phase transition and electronic 

properties of materials from first principle calculations 

attracts more interest because of it accurately predict many 

properties of the materials under study [1]–[8], it also give 

insight into the theories describing these materials as well as 

their applications. For instance, structural, electrical and 
optical properties of semiconductor [2], [8]–[11]. 

When a compressional force is applied to materials, in 

most of materials, they undergo structural phase transition 

and electronic band structural changes also [1], [3], [5], [12], 

[13]. Experimental studies on some semiconductor, like 

alkali earth Chalcogenides under high pressure was carried 

out using x-ray diffraction [14]–[16]. Investigation on 

Semiconductor-metal phase in semiconductor 

Chalcogenides in work of [12]. 

Chalcogenides attract more attention to the researches 

due to their flexibility and promising applications in 
technology such as application in optical fibers and thin 

films [12] (in JOMO [3, 25, 27, 30, 31]. In this work an 

attempt is made in the investigation of semiconductor-metal 

phase transformation in CaS and CaSe Chalcogenides. 

The Calcium Chalcogenides CaS and CaSe adopted Rock 

salt structural (B1) with space group 225 (Fm-3m) at 

equilibrium pressure [1], they undergo phase order structural 

transition at pressure of 40GPa and 38GPa experimentally 

[21] and theoretically in a range of 35 – 40GPa and 35 – 

45GPa [14], [17]–[19] for CaS and CaSe respectively among 

others. The work is aim to study semiconductor-metal phase 

transformation of CaS and CaSe as a result of pressure 

induced to the materials. 

II. METHODOLOGY 

A genetic programming GP algorithm works on a 

population of individuals, each individual represents a possible 

solution to a problem [10]. A flowchart of a standard GP 
algorithm is shown in Fig. 1. In order to solve a problem using 

genetic programming Dr. J. Koza (1992) states that it is 

necessary to specify the following components [10]: 

The calculations were performed using Quantum-Espresso 

package [33-34] which utilizes Plane wave Pseudo Potential 

(PW-PP) approach to Density function theory (DFT). A 

Generalized Gradient Approximation (GGA) exchange-

correlation were used with pw1 functional. A norm conserving 

Pseudo-potential were used for all the two compounds (CaS 

and CaSe). A kinetic energy cutoff of 200Ry were used for all 

the calculations, k-point sample of were used throughout except 
in the Calculation of Density of the state in which a denser grid 

of were used. The kinetic energy cutoff and k-point mesh were 

obtained after a convergence test of these parameters with 

respect to total energy of the system. The band structures of 

these two compounds were calculated at a high symmetry 

points following the path   

 and the band gaps were 
taken from all the high symmetry points at maximum point of 

the symmetry point in the balance and minimum point of the 

symmetry in the conduction bands. 
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III. RESULTS AND DISCUSSION 

The convergence of kinetic energy cutoff and k-point 

sampling (Brillouin zone sampling) with respect to total energy 

for CaS and CaSe is presented in figure 1.  

For CaS and CaSe have similar graph, thus only one is 

presented here which represent both of the compounds. 

 

 

 

 

 

 

 

Figure 1 Flowchart of standard genetic programming 

 The terminal set: variables and constants. 

  

  

  

  

  

 

Figure 1: (a) Kinetic energy cut-off convergence with respect to total 

energy (b) Brillouin zone sampling with respect to total energy 

A. Equilibrium Parameters 

The variation of total energy with volume of the 

compounds were presented in figure 2. The equilibrium 

volume, the volume at minimum energy, gives the equilibrium 
lattice parameter in relation to the following relations 

                    (1) 

Where V0 is the equilibrium volume of the compounds 

(CaS or CaSe) and a0 is the equilibrium lattice parameter. The 

variation of volume of these compounds with respect to energy 

were used to determine the equilibrium Bulk modulus (B), 

Derivative of Bulk modulus and equilibrium volume V0 
by fitting the data, energy volume, in the Murnaghan equation 

of the state [20], [21]. 

 

The equilibrium parameters were given in table I. The 

equilibrium volume of these compounds CaS and CaSe can be 

determined either from the Total energy against volume graph 

or from the Murnaghan equation of the State. The equilibrium 

volume and equilibrium lattice parameter are related by 

equation 

As can be seen all the calculated parameters are in good 

agreement with both experimental and theoretical result. 

                     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Total energy as function of volume for (a) CaS and (b) CaSe 

B. Stability 

Stability of a crystal at equilibrium can be checked using 

Born stability criteria [19]. The criteria are usually given as 

   (3) 

    (4) 

    (5) 

These three expressions are only true for a crystal in 

equilibrium. When pressure is applied to a material, the usual 

Born criteria cannot be used. A more general criteria, which is 

modification of Born criteria were used in order to capture the 

effect of the induced pressure. 

Table I: Equilibrium parameters for CaS and CaSe, B0 is the equilibrium Bulk 

modulus, a0 is the equilibrium lattice and is the derivative of the Bulk 

modulus. 

 

Parameters 

CaS CaSe 

This Work Theory Experiment This 

Work 

Theory Experiment 

 

 

5.704 

5.715
[19]

 

5.717
[24]

 

5.598
[17] 

5.69
[19]

 

5.689
[29]

 

 

5.952 

5.973
[19]

 

5.968
[24]

 

5.829
[17]

 

5.916
[29]

 

 

 

 

57.9646 

55.5
[19]

 

57.42
[24]

 

65.2
[17]

 

64
[23]

 

56.3
[29]

 

 

48.615 

46.9
[19]

 

48.75
[24]

 

56.2
[17]

 

51
[23]

 

 

4.135 3.88
[19]

 

3.8
[24]

 

4.1
[17]

 

4.2
[23]

 

4.6
[[29]

 

 

4.265 

3.73
[19]

 

3.4
[24]

 

4.1
[17]

 

4.2
[23]
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The modified general criteria are given as (expression 6 – 

8): 

   (6) 

   (7) 

     (8) 

Where are elastic constant of the crystal calculated at a 
given pressure P. Figure 3 (a and b) show the General Stability 

Criteria for CaS and CaSe respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: General Stability Criteria as function of pressure for (a) CaS and (b) 

CaSe 

It can be seen that, at pressure of 34.0GPa and 28.6GPa 

CaS and CaSe are not stable. This means that these materials 

cannot withstand pressure beyond 34GPa and 28.6GPa for CaS 

and CaSe respectively. 

C. Electronic structure 

The compounds CaS and CaSe are indirect band-gap 
semiconductors [4], [19] in contradiction with report of [1] in 

which they report them to be direct band-gap. This difference 

may be attributed to the method they used in the calculation of 

the band-gap. The band structure and density of the state are 

presented in figure 4, where the minimum conduction band and 

maximum valance band are not in gamma point at 
equilibrium, the band-gap of these compounds were found to 

be 2.40eV and 2.06eV for CaS and CaSe respectively measured 

along symmetry point. This agree with the report [3] 
and [19]. 

The band-gaps along various symmetry point as function of 

pressure are presented in figure 5 for a pressure difference 

between 0 and 100GPa. Table II below present the direct and 

indirect band-gaps for high-symmetry point of CaS and CaSe 

for pressure of 0, 50 and 100GPa as compared to other work. 

The calculated band-gap at through symmetry point

decrease with pressure more 
importantly at pressure of 95 GPa and 68 GPa the bang-gap 

before zero for CaS and CaSe in which a further increase in the 

pressure cause an overlapped between Valance and conduction 

bands. At this pressure these compounds CaS and CaSe 

undergo semiconductor-metal phase transformation. 

It is good to mention that, the calculated band-gap along (K 

– K) increases with pressure and that along is almost 
constant with pressure. 

 

Figure 4: Band structure and corresponding density of the state for (a)-(b) CaS 

and (c)-(d) CaSe plot along the high symmetry points 

 

 

Figure 5: Band-gaps at various high-symmetry point with respect to pressure 

for (a) CaS and (b) CaSe. 

 

Pressure (GPa) 

Figure 4: Band structure and corresponding density of the 

state for (a)-(b) CaS and (c)-(d) CaSe plot along the high 

symmetry points  
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Table II: Band-gaps at various symmetry point for CaS and CaSe for Pressure of 0 GPa, 50 GPa and 100 GPa 

CaX  P (GPa) 
      

 

CaS 

TW 

Others 

 

0 

 

 

4.15 

4.08[19] 

5.8[25] 

3.9[27] 

2.40 

2.3887[19] 

4.434[25] 

1.9[27] 

5.22 

5.192[19] 

5.201[28] 

5.203[26] 

3.20 

3.185[19] 

5.343[25] 

2.85[27] 

6.36 

6.322[19] 

6.42[28] 

6.829[26] 

3.20 

50 3.62 0.95 5.78 1.94 8.01 2.00 

100 3.01 0.00 5.87 0.87 8.86 1.00 

 

CaSe 

TW 

Others 

 

0 

 

 

3.23 

2.65[3] 

3.491[19] 

3.539[26] 

2.06 

2.046[19] 

1.75[28] 

1.95[26] 

4.49 

4.5[19] 

4,576[28] 

4.685[26] 

2.99 

2.955[19] 

4.818[25] 

2.729[28] 

5.66 

5.633[19] 

5.904[28] 

6.459[26] 

3.05 

50 3.01 0.41 5.00 1.70 7.45 1.75 

100 2.31 0.00 5.02 0.63 8.33 0.75 

 

IV. CONCLUSION 

In this work, we study the semiconductor-metal phase 

transformation for Calcium Chalcogenides compound CaS and 

CaSe, whereby we study the effect of induced pressure in the 
range of 0 – 100GPa to band-gap these compounds at various 

symmetry point. We calculated the equilibrium lattice 

parameters, bulk modulus and its derivative in which they were 

found to be in good agreement with available literature and 

experiment, we also check the stability of these compound 

between the induced pressures. We found out that the 

compounds cannot withstand a pressure above 34GPa and 

28.6GPa for CaS and CaSe without distortion. We finally 

report the result of the transformation of these compounds to a 

semiconductor-metal phase at pressure of 95GPa and 68GPa 

for CaS and CaSe, that is the materials have zero ban-gap 

above the state pressure along symmetry point. 
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