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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 E; 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 E; 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 6Eso of the E,; parameter in CdO and
CdS crystals. However, in CdSe and CdTe materials, the narrowing parameter oEso values are 0.12 and
0.27 eV, respectively. Corrected by 6Eso band gaps of CdSe and CdTe crystals have the values of 1.80 and
1.83 eV, respectively. The E; 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 =0, 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

PACS numbers: 71.15.Mb, 71.20. £ b, 71.27. + a

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]:

solar cells has been carried out for the device
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Vw) = VEEw) + V@), 1)

where u =|r—r'| is the distance between electrons.
The simplest form of the exchange energy functional is
as follows [17]:

EPP = aE" +(1-a)E™ 2)

where the local electron component EfBE , 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

EfF’LR _ aEfBE’LR

difference o , and adding correlation

energy results in the hybrid functional of the exchange-
correlation energy HSE [17]:

HSE _ _ q2HF SR PBE,SR | 12PBE,LR | 2PBE
E”" =ak, +1-a)E, +E +E.77.(3)

The PBEO 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
a=0.25, are shown in Fig. 1b, Fig. 3b, and Fig. 5b. We
also did some more calculations with higher values of
the a parameter. These results are presented in Fig. 1c,
Fig. 3¢, and Fig. 5c.

The energy parameters listed in Table 1-Table 4
denote a band gap Eg, the Eiq — Eva energy differences,
and the width of the 4d band dEi in CdX crystals at
the point I 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 & and the mini-
mum of the conduction band & 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, ¢ shows the
electron energy bands derived by combination of the
HSEO06 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
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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 I' 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.
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Fig. 1 - The band structure of the CdO crystal
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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 I" point in the BZ

E; () |Esd— Eva max| dEsq

PBE 0.0 (0.0) —5.81 111
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 I' 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 a.

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.
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Fig. 3 — The band structure of the CdS crystal
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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 I" point in the BZ

E; () Eii— Eva max | dEsq

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 I' point of
the first Brillouin zone. The electronic band gaps, eval-
uated with the parameters a= 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
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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 I" point in the BZ

Eq () E¢ soc|Esq — Evat max| dFEsq

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 I' 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.
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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 I point in the BZ

Eg (0) | Egsoc |Esd — Eva max| dEsd

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
ACBNO [18] 1.23 2.4 | 161 | 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
ACBNO 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
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Bruiue cnin-opOiTanbHOI B3aemoii Ha 30HHI eHepril eJIeKTPOHIB, OTPUMAaHI y XaJIbKOTreHimax
ragMiio 3a komoinoBaHuMm meronom HSE06-GW

C.B. Cupotor, O.I1. Manux

Haujionanvruii ynieepcumem “JIvsiscora nonimexuira”, eysn. C. Bandepu, 12, 79013 Jlvsis, Yrpaina

PoapaxoBani esexrponni enepreruydi crexrpu kpucranis CdX (X =0, S, Se, Te) y BopruTHiit dasi.
Busisnieno, 1o 4d emexrporu Cd sokasisoBaHi y By3SbKUX cMyrax eHeprii BaseHTHOI 30HU. OTprMaHi HaMu
peayJIbTaTh MOKa3asu, 1o po3suHeHl y migxomax LDA ta GGA ob0MinHO-KOpensaiiiiai GpyHKIIOHAIN He3a-
CTOCOBHI JI0 CHJIBHO KopeJsiboBaHol mincucremu 4d esextponiB Cd. Cmpasmi, mmpuHa 3a60poOHEHOI 30HU,
suaiigena mis kpucrasa CdO y mumx maxonax, E,; =0, a 1i saaavenns s marepianis CdS, CdSe ta CdTe
nopiBuoOOTE 1,48, 0,67 Ta 0,84 B, Bigmosiguo. Bel BoHU € 3HAYHO MeHIIUMU 3a BUMIPAHL Eg s maTepia-
mB CdX, saxi nopieuoors 0,91; 2,5; 1,8 Ta 1,8 eB Bigmosinuo. Mu BusiBuin, 1mo cxema pospaxyHry “GGA —
dynrmisa 'pina”, axa gyxe epeKTUBHA U1 S-p €JIEKTPOHHUX CHCTEM, He IIPUBeJIa JI0 YCIIIIHUX Pe3yIbTaTiB
s kpucrainis CdX. Tomy mMu o0panu moemHAHHS IMIAXOMIB “TIOpwmaHWM QyHKINoOHAI — QyHKIA ['pina’.
Buatineni y kpucrasax CdX 6e3 ypaxyBaHHs CHIH-0pOITAJIBHOI B3aeMomil sHaueHHs Fg mopiBuThH 0,90;
2,49; 1,92 ta 2,10 eB Bigmosigao. CoiH-op6iTaibHa B3aeMOIisl CIIPUYMHIOE MidepHe 3BY:KeHHsA oFso mapamMe-
tpa Eg y kpucramax CdO ta CdS. Ograk y marepiamax CdSe ta CdTe snmauenHsa mapamerpa 3By:keHHA OEso
nopisaoLTE 0,12 Ta 0,27 eB. Ilonpasneni Ha SEso mupunu 3a6oporenol 3ouu Eg kpucramis CdSe ta CdTe
HabyBawTh 3Havenb 1,80 Ta 1,83 eB. Orpumani snavenns Eg nysxe no0pe 3iCTABIAITHCA 3 €KCIIEPUMEHTOM.
BHaieHo, mo eHepreTwyHi 30HKW HamiBocToBHUX 4d enexrponiB Cd, orpummani 0e3 ypaxyBaHHS CIIiH-
opbiTanbHOI B3aemoil, mepexpuBanThesa y kpucranax CdX. Coix-opbiTasbHa B3aeMOIisi IPUBOIUTE 10 PO-
3IIMpPEHHs CMYT eHeprii, y axux Jyokagisosani 4d esexrporu Cd. Onnak y kpucrasax CdSe ra CdTe cmin-
opOiTaIbHA B3A€MOIISA IMIPUBOIUT [I0 YITKOTO PO3OLIIEHHS €HePreTUYHUX 30H 4d eJIeKTPOHIB HAa Bl CMyTH,
HIKYA 3 AKUX MICTUTD 8, a BHINA — 12 TJIOK CIIEKTPY.

Kmiouosi cnosa: CdX, Crpyxrypa sropuury, HSE06, GW, Cmin-opbiTasbHa B3aeMOIis.
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