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The electronic energy band spectra of CdX crystals (X  O, S, Se, Te) in the wurtzite phase have been 

calculated. We have revealed that Cd 4d electrons are localized in the narrow energy intervals of the va-

lence band. The results obtained here show that the exchange-correlation functionals developed within the 

LDA and GGA approaches are not applicable to the strongly correlated 4d electron subsystem. Indeed, the 

band gap found for the CdO crystal in these approaches is Eg = 0, and its values for CdS, CdSe, and CdTe 

materials are 1.48, 0.67, and 0.84 eV, respectively. They all are much smaller than the measured Eg for 

CdX materials, which are 0.91, 2.5, 1.8 and 1.8 eV, respectively. We found that “GGA – Green’s function” 

calculation scheme, which is very effective for s-p electron systems, did not produce successful results for 

CdX crystals. That is why we have chosen a combination of “hybrid functional – Green’s function” ap-

proach. The Eg values found in CdX crystals without spin-orbit interaction are 0.90, 2.49, 1.92 and 2.10 eV, 

respectively. The spin-orbit interaction causes a negligible narrowing ESO of the Eg parameter in CdO and 

CdS crystals. However, in CdSe and CdTe materials, the narrowing parameter ESO values are 0.12 and 

0.27 eV, respectively. Corrected by ESO band gaps of CdSe and CdTe crystals have the values of 1.80 and 

1.83 eV, respectively. The Eg values found here are well compared with the experiment. It is found that the 

energy bands of the semicore Cd 4d electrons obtained without spin-orbit interaction overlap in CdX crys-

tals. Spin-orbit interaction leads to a widening of Cd 4d energy bands. Moreover, in CdSe and CdTe crys-

tals, the spin-orbit interaction leads to a clear separation of 4d electron energy bands into two parts, the 

lower of which contains 8 and the upper 12 branches of the spectrum. 
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1. INTRODUCTION 
 

Semiconductor compounds CdX (X = O, S, Se, Te) 

have been attracting widespread scientific and techno-

logical interest due to their unique optical and electron-

ic properties, as well as their potential applications in a 

wide variety of electronic devices. In particular, the 

CdO material has been intensively investigated as a 

potential candidate material for solar cells, smart win-

dows, gas sensors, IR detectors and photodiodes, con-

ducting electrodes, anti-reflection coatings and liquid 

crystal displays [1]. Also, it is widely used in biomedical 

applications [2]. 

The optoelectronic properties make cadmium sul-

phide (CdS) suitable especially as a window layer in 

solar cells when paired with absorbing materials such 

as CdTe [3]. 

Cadmium selenide (CdSe), a well-known direct 

bandgap II-VI semiconductor in which the bandgap 

favors absorption over a wide range of the visible spec-

trum, is a promising material for applications in such 

fields as photodetectors, field-effect transistors, field 

emitters, solar cells, light-emitting diodes, me-mory 

devices, biosensors, and biomedical imaging [4]. 

Cadmium telluride (CdTe) found widely used as a 

main material in the manufacture of highly sensitive 

uncooled detectors of gamma radiation [5], in produc-

tion of low cost and high efficiency thin-film solar cells 

[6], as an element in solar thermal systems [7]. 

The band gap optimization of the CdTeSe thin-film 

solar cells has been carried out for the device 

modeling [8]. The review on the structural and sub-

structural properties of the zinc and cadmium chalco-

genides thin films has been done in a work [9]. Clusters 

of point defects near dislocations as a tool to control 

electrical parameters by ultrasound, in CdZnTe semi-

conductors, used for radiation detection, have been 

studied in a work [10]. 

The first-principle wave function obtained with the 

strong correlations of 4d and 3d electrons made it pos-

sible to obtain a very good comparison with the exper-

iment of kinetic coefficients in the CdTe [11] and ZnSe 

[12] crystals. 

The corrected band energies of the electrons are cal-

culated according to a two-stage scheme “generalized 

gradient approximation [13] – Green’s function [14]” 

(GGA-GW). It has proved effective in systems with s(p) 

electrons [15]. However, in CdX crystals, due to the 

presence of strongly correlated 4d electrons, localized in 

narrow energy bands, the GGA-GW approach is not ef-

fective. Therefore, we use the combination "hybrid func-

tional – Green’s function", that is the HSE06-GW [14]. 

 

2. CALCULATION 
 

Hybrid functionals of the exchange-correlation en-

ergy take into account the presence of two electron sub-

systems in a crystal. An important point of their struc-

ture is the presentation of the nonlocal Coulomb poten-

tial by the sum of the long-range (LR) and short-range 

(SR) terms [16]: 
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 ( ) ( ) ( )SRLRV u V u V u  , (1) 
 

where | |u  r r  is the distance between electrons. 

The simplest form of the exchange energy functional is 

as follows [17]: 
 

 0 (1 )PBE HF PBE
x x xE E E    , (2) 

 

where the local electron component PBE
xE , depending 

on s(p) electron density [14], describes a weakly corre-

lated system, and the nonlocal component, dependent 

on the wave functions of the Cd 4d electrons, corre-

sponds to the contribution of the exact Hartree-Fock 

potential. 

Using in Eq. (2) the definition (1), neglecting the 

difference , ,HF LR PBE LR
x xE E  , and adding correlation 

energy results in the hybrid functional of the exchange-

correlation energy HSE [17]: 
 

, , ,(1 )HSE HF SR PBE SR PBE LR PBE
xc x x x cE E E E E      .(3) 

 

The PBE0 hybrid functional (2), implemented in the 

ABINIT software package [14], is unscreened and leads 

to noticeable errors in the lattice parameter and band 

gap for a number of crystals [16]. The functional (3) 

avoids these drawbacks. In the ABINIT code, it is im-

plemented on basis of the norm-conserving pseudopo-

tentials [17]. The following section summarizes the 

results obtained within the GGA-PBE and HSE06-GW 

approaches corrected for the spin-orbit interaction. 

 

3. RESULTS AND DISCUSSION 
 

The electron energy bands of some CdX crystals, ob-

tained with the GGA-PBE exchange-correlation poten-

tial, are shown in Fig. 1a, Fig. 3a, and Fig. 5a. The cor-

responding value of the mixing factor in Eq. (3)   0. 

The electron energy bands, obtained within the 

HSE06-GW approach with default value of the factor 

  0.25, are shown in Fig. 1b, Fig. 3b, and Fig. 5b. We 

also did some more calculations with higher values of 

the  parameter. These results are presented in Fig. 1c, 

Fig. 3c, and Fig. 5c. 

The energy parameters listed in Table 1-Table 4 

denote a band gap Eg, the E4d – Eval energy differences, 

and the width of the 4d band dE4d in CdX crystals at 

the point Γ in the Brillouin zone (in eV). 

 

3.1 Band Energies in CdO Wurtzite Crystal 
 

The electron energies in the CdO crystal evaluated 

with the GGA exchange-correlation functional are 

shown in Fig. 1a. 

The maximum of the valence band v and the mini-

mum of the conduction band c are denoted by v and c, 

respectively. As can be seen from Fig. 1a, the GGA ap-

proach provides a zero-band gap. Fig. 1b, c shows the 

electron energy bands derived by combination of the 

HSE06 hybrid exchange-correlation functional (3) and 

quasiparticle GW approach. The electron energies de-

picted in Fig. 1c show the band gap equal to 0.90 eV, 

which is well compared with the experimental value. 

The dispersion curves represented in Fig. 1b reveal the 

band gap of 1.00 eV, which is obtained with a default 

mixing factor   0.25 in Eq. (3). The CdO crystal has a 

direct optical and fundamental band gap at the Г point 

of the first Brillouin zone. The effect of the spin-orbit 

interaction on Cd 4d electron energies can be observed 

from Fig. 2 indicating a significant effect of the SOC on 

the energy spectrum of semicore 4d electrons. In case of 

the CdO crystal, SOC causes a small splitting of the 

states in the upper part of the valence band and also in 

the conduction band. 
 

 
 

Fig. 1 – The band structure of the CdO crystal 
 

 
 

Fig. 2 – The electron energies of the semicore 4d states in the 

CdO crystal: (a) without SOC, (b) with SOC 
 

Table 1 – Parameters of the electronic energy spectrum  

(in eV) in the CdO crystal at the Γ point in the BZ 
 

 Eg () E4d – Eval max dE4d 

PBE 0.0 (0.0) – 5.81 1.11 

HSE GW 1.00 (0.25) – 6.62 1.14 

HSE GW 0.90 (0.23) – 6.56 1.13 
 

As can be seen from Fig. 1 and from Table 1, the 

greater value of the mixing coefficient  corresponds to 

the lower energy of the Cd 4d states in the valence 

band. An increase in the  coefficient means an in-

crease in the fraction of the exact screened Hartree-

Fock exchange potential in the functional of the ex-

change-correlation energy (3). 

 

3.2 Band Energies in CdS Wurtzite Crystal 
 

Fig. 3 shows that the crystal has a direct band gap at 

the Γ point in the first Brillouin zone. The dispersion 

curves have been obtained with values of the mixing pa-

rameter of 0.0, 0.25, and 0.375. The corresponding band 

gap values are equal to 1.48, 2.19, and 2.49 eV, respective-
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ly. The last calculated value of the band gap agrees very 

well with the measured one. Fig. 3 and data represented 

in Table 2 also show a decrease in the Cd 4d levels, in the 

valence band, with an increase in the parameter . 

The SOC affects the electronic energy spectrum of 

the upper part of the valence band and the conduction 

band to a small extent. Comparing Fig. 4a and Fig. 4b, 

we conclude that the dispersion curves of Cd 4d elec-

trons in the valence band are noticeably changed. The 

SOC leads to an increase in the energy interval of lo-

calization of Cd 4d electrons by about 0.5 eV. 
 

 
 

Fig. 3 – The band structure of the CdS crystal 
 

 
 

Fig. 4 – The electron energy bands in the CdS crystal: semi-

core 4d states (a) without SOC, (b) with SOC 
 

Table 2 – Parameters of the electronic energy spectrum (in 

eV) in the CdS crystal at the Γ point in the BZ 
 

 Eg () E4d – Eval max dE4d 

PBE 1.48 (0.0) – 6.41 1.33 

HSE GW 2.19 (0.25) – 8.92 0.71 

HSE GW 2.49 (0.375) – 8.40 0.95 

 

3.3 The Effect of the SOC on Band Energies  

in CdSe Crystal 
 

The crystal has a direct band gap at the Γ point of 

the first Brillouin zone. The electronic band gaps, eval-

uated with the parameters   0.0, 0.25 and 0.31, are 

equal to 0.67, 1.66, and 1.92, respectively. 

The spin-orbit interaction causes a decrease in the 

band gap by 0.12 eV. Subtracting this value from the 

value of the band gap (Table 3), 1.92 eV, we obtain the 

direct gap of 1.80 eV, which is well compared with the 

experimental one (Table 5). 

It is seen from the calculated electronic band ener-

gies and also from the data listed in Table 3 that the 

Cd 4d levels become deeper in the valence band when 

the parameter  increases. Comparing Fig.4a and 

Fig. 4b, we note that the SOC causes splitting of energy 

levels of 4d electrons in the valence band. 

We found that the SOC caused the partition of the 

band curves of the Cd 4d states into two groups, with 

an energy gap between them. 
 

Table 3 – Parameters of the electronic energy spectrum (in 

eV) in the CdSe crystal at the Γ point in the BZ 
 

 Eg () Eg soc E4d – Eval max dE4d 

PBE 0.67 (0.0) 0.55 – 7.26 0.67 

HSE GW 1.66 (0.25) 1.54 – 8.22 0.50 

HSE GW 1.92 (0.31) 1.80 – 8.53 0.72 

 

3.4 Band Energies in CdTe Wurtzite Crystal 

Modified by Spin-orbit Coupling 
 

The electronic energy bands of the CdTe crystal are il-

lustrated in Fig. 5. It is seen that the crystal has a direct 

band gap at the Γ point in the first Brillouin zone. The 

electron energies were evaluated at values of the parame-

ter  0.0, 0.25, and 0.36. The corresponding band gaps are 

equal to 0.84, 1.69, and 2.10 eV, respectively. 
 

 
 

Fig. 5 – The band structure of the CdTe crystal 
 

Table 4 – Parameters of the electronic energy spectrum (in 

eV) in the CdTe crystal at the Γ point in the BZ 
 

 Eg () Eg soc E4d – Eval max dE4d 

PBE 0.84 (0.0) 0.57 – 7.69 0.62 

HSE GW 1.69 (0.25) 1.42 – 8.86 0.71 

HSE GW 2.10 (0.36) 1.83 – 9.35 0.76 
 

We found that the spin-orbit narrowing of the band 

gap equals to 0.27 eV. Subtracting this value from the 

last band gap (Table 4), we obtain the direct band gap 

of 1.83 eV, which is well compared with the experi-

mental value given in Table 5. 
 

Table 5 – The band gap values (in eV) in CdX crystals obtained 

with other theoretical methods and found from experiment 
 

 CdO CdS CdSe CdTe 

PBE [18] 0.0 1.36 0.73 0.64 

HSE [18] 0.75, 1.13 2.15 1.77 1.6 

SIRC [19]  2.5 1.3  

OEPx GW [20]  2.36   

ACBN0 [18] 1.23 2.4 1.61 1.33 

Exper. [18] 0.91 2.5 1.8 1.8 (ZB) 
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The spin-orbit interaction causes band gap narrow-

ing in the CdTe crystal more than in the CdSe materi-

al. The dispersion curves of 4d electrons in the CdTe 

crystal are divided into two groups. 

The results presented in Table 1-Table 4 indicate 

the noticeable impact of strong correlations of Cd 4d 

electrons on the values of the band gaps for all CdX 

crystals. In fact, an increase in the mixing parameter  

leads to a noticeable increase in the bandgap, and also 

contributes to the deepening of the Cd 4d energy levels 

within the valence band. 

The results presented in Table 5 show that none of 

the theoretical approaches is equally successful for CdX 

crystals considered here. For example, the HSE provides 

very good agreement with experimental Eg only for the 

CdSe crystal, and the SIRC approach shows the best 

result for the CdS material. The new hybrid functional 

ACBN0 is also successful in case of the CdS crystal. 

The OEPx GW approach demands significant com-

puting resources, so it has been applied so far to a 

small number of materials. 

 

4. CONCLUSIONS 
 

The electronic energy bands of CdX crystals in a 

wurtzite phase have been evaluated within the combined 

scheme HSE06-GW. The band gaps obtained within the 

GGA approach revealed very much underestimation com-

pared with experiment. The results obtained here within 

the HSE06-GW approximation with the mixing coefficient 

  0.25 differ from the experimental values by 0.09, –

 0.31, – 0.26, and – 0.11 eV for CdO, CdS, CdSe, and 

CdTe, respectively. 

Better comparison with experiment is shown by the 

band gaps obtained with the third values of the mixing 

coefficients given in Table 1-Table 4. The corresponding 

differences are of about 0.01 eV. 

The spin-orbit interaction can be neglected for CdO 

and CdS crystals. It causes narrowing of the band gap 

in CdSe and CdTe crystals by 0.12 and 0.27 eV, respec-

tively. The spin-orbit coupling leads to significant re-

construction of 4d bands. The localization intervals of 

the 4d states in CdX crystals become much wider after 

inclusion of the SOC. In CdO and CdS crystals, the 

SOC causes splitting of the 4d energy levels which 

shows much overlap in the valence band. However, in 

CdSe and CdTe crystals, 4d bands are splitted into two 

groups separated by an energy window. The results 

obtained here allow us to draw attention to the issue of 

accuracy in the calculation of the optical constants of 

CdX crystals without taking into account the spin-orbit 

interaction. 
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Вплив спін-орбітальної взаємодії на зонні енергії електронів, отримані у халькогенідах 

кадмію за комбінованим методом HSE06-GW 
 

С.В. Сиротюк, О.П. Малик 
 

Національний університет “Львівська політехніка”, вул. С. Бандери, 12, 79013 Львів, Україна 

 
Розраховані електронні енергетичні спектри кристалів CdX (X  O, S, Se, Te) у вюрцитній фазі. 

Виявлено, що 4d електрони Cd локалізовані у вузьких смугах енергії валентної зони. Отримані нами 

результати показали, що розвинені у підходах LDA та GGA обмінно-кореляційні функціонали неза-

стосовні до сильно корельованої підсистеми 4d електронів Cd. Справді, ширина забороненої зони, 

знайдена для кристала CdO у цих підходах, Eg  0, а її значення для матеріалів CdS, CdSe та CdTe 

дорівнюють 1,48, 0,67 та 0,84 еВ, відповідно. Всі вони є значно меншими за виміряні Eg для матеріа-

лів CdX, які дорівнюють 0,91; 2,5; 1,8 та 1,8 еВ відповідно. Ми виявили, що схема розрахунку “GGA – 

функція Гріна”, яка дуже ефективна для s-p електронних систем, не привела до успішних результатів 

для кристалів CdX. Тому ми обрали поєднання підходів “гібридний функціонал – функція Гріна”. 

Знайдені у кристалах CdX без урахування спін-орбітальної взаємодії значення Eg дорівнюють 0,90; 

2,49; 1,92 та 2,10 еВ відповідно. Спін-орбітальна взаємодія спричинює мізерне звуження ESO параме-

тра Eg у кристалах CdO та CdS. Однак у матеріалах CdSe та CdTe значення параметра звуження ESO 

дорівнюють 0,12 та 0,27 еВ. Поправлені на ESO ширини забороненої зони Eg кристалів CdSe та CdTe 

набувають значень 1,80 та 1,83 еВ. Отримані значення Eg дуже добре зіставляються з експериментом. 

Знайдено, що енергетичні зони напівостовних 4d електронів Cd, отримані без урахування спін-

орбітальної взаємодії, перекриваються у кристалах CdX. Спін-орбітальна взаємодія приводить до ро-

зширення смуг енергії, у яких локалізовані 4d електрони Cd. Однак у кристалах CdSe та CdTe спін-

орбітальна взаємодія приводить до чіткого розділення енергетичних зон 4d електронів на дві смуги, 

нижча з яких містить 8, а вища – 12 гілок спектру. 
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