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Doped alkaline-earth chalcogenides are interesting photoluminescen t materials for opto-electronic appli- 
cations. It is crucial to have an extended knowledge about the undoped bulk CaS and CaO since all the 
excited state properties of the doped material heavily dep end on it. In this work we investigate the struc- 
tural parameters, electronic band structures, macroscopic dielectric constants and absorption spectra for 
CaS and CaO compounds. Their quasi-particle band structure in the GW approximation yields a value of 
4.28 eV and 6.02 eV for the indirect theoretical particle gap of CaS and CaO, respectively . The imaginary 
part of the macroscopic dielectric function e(x) is computed including excitonic effects through the 
Bethe–Salpeter equ ation. The onset of absorption is within 0.1 eV of the experimental one and the calcu- 
lated spectrum shows a qualitative agreement with experimen t. Our computed exciton binding energies 
are 0.27 eV and 0.40 eV for CaS and CaO, respectively. 

� 2013 Elsevier B.V. All rights reserved. 
1. Introduction 

The calcium chalcogenides are technologically important as 
luminescen t materials when doped with rare-earth ions. They 
can be used for efficient cathode-ray tube phosphors, radiation 
dosimetry, fast high-resolution optically stimulated luminescen ce 
imaging and infrared sensitive devices [1,2]. Alkaline-earth sulfides
such as CaS and SrS activated with Eu 2+ can be used for multi-color 
thin film electrolumines cence [3] and as conversion phosphors for 
white light-emi tting diodes. 

In this paper we lead a combined experimental and theoretical 
study of CaS and CaO, focused on electroni c and optical propertie s. 
The electronic properties of II a–VIb compounds have been little stud- 
ied due to serious difficulties in growing single crystals from these 
refractory compounds . Kaneko et al. [4] tackled this issue and mea- 
sured the reflectivity spectra of alkaline-ear th chalcogenide at 77 K
using synchrotron radiation in the region 4–40 eV and later Kaneko 
and Koda [5] measured reflection and luminescen ce spectra of the 
same compound s but at 2 K and in a smaller energy window. 

There has been previous related theoretical work. Let us men- 
tion in particular the theoretical study by Dadsetani and Doosti 
[6] using full potential linearized augmented plane wave (FP-
ll rights reserved. 

ncé).
LAPW) calculation within Density Functional Theory (DFT) using 
the generalized gradient approximat ion (GGA). They have investi- 
gated the optical properties of calcium mono chalcogenide CaX 
(X = O, S, Se and Te) within the Random Phase Approximation 
(RPA). The issue of predicting a direct or indirect band gap for 
CaS and CaO has been discussed in this reference, as well as in 
the references therein. In the present study, we use more refined
tools to examine optical propertie s of CaS and CaO, and we provide 
also an experimental absorption spectrum for CaS. Before this 
study of optical properties, we present ab initio calculatio ns of 
structura l properties for CaS and CaO within the DFT framework. 
Then, electroni c band structures for these two materials are com- 
puted using the many-body perturba tion theory GW approxima-
tion [7], that is of higher accuracy than DFT-GGA for that 
purpose. Absorption spectra are computed using the Bethe–Salpet-
er Equation (BSE) [8] and compared with experiment. The BSE, that 
includes excitonic effects, also outperform s the RPA. We obtain 
exciton binding energies of 0.27 eV and 0.40 eV for CaS and CaO, 
respectively . Such binding energies seem much larger than the 
ones reported by Kaneko and Koda [5].
2. Experimen tal 

Since the band gap of CaO is higher than 6 eV, the optical 
absorption edge of CaO could not be determined experime ntally 
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given the available equipme nt. Therefore, only CaS samples were 
analyzed experime ntally. 

Diffuse reflectance measurements on the powders were per- 
formed in the waveleng th range 200–800 nm using a Varian Cary 
500 spectromete r equipped with an internal integrati ng sphere, 
using BaSO 4 as a reference. Reflectance values were converte d to 
absorption data using the Kubelka–Munk function. Undoped CaS 
was obtained from CERAC (99.99% purity).
3. Calculation method 

The calculation of structural propertie s in this work is based on 
DFT [9] using the Trouiller–Martins type of pseudopote ntials [11]
and a plane-wave basis set. The valence electrons treated explicitly 
in the ab initio calculation are 3s 2 3p64s23d0, 2s 22p4 and 3s 2

3p44s03d0 for the calcium, oxygen and sulfur pseudopote ntials, 
respectively . The calcium and sulfur ones are atomic pseudopoten- 
tials with semi-cor e states created with a multi-refere nce scheme 
from the APE software [10]. The unoccupied d orbitals are included 
to increase the flexibility of the basis and allow for a closer reproduc- 
tion of all-electron results. The electronic band structure of both 
pseudopote ntials have been computed for the pure calcium and sul- 
fur as well as CaS materials and lead to a very close reproduction of 
the bandstru cture with respect to their all-electron counterpart: an 
average of less than 80 meV difference was found on the occupied 
and the first 8 unoccupied bands. 1 The all-electron calculation s have 
been made using the ELK softwar e: http://elk.s ourceforge.net .

In order to be converged within 0.5 mHa per atom a kinetic-en- 
ergy cut-off of the plane-wave basis set of 45 and 38 Hartree was 
needed for CaS and CaO compounds, respectively. The CaS and 
CaO both required a 8 � 8 � 8 Monkhors t–Pack sampling [12] of
the Brillouin zone. The Perdew–Wang [13] functional form of the 
local density approximat ion (LDA) was used to describe the ex- 
change–correlation potential. 

The correct inclusion of excited states in an electronic band struc- 
ture relies on a many-body scheme in the quasi-particle picture. The 
computation was made within the one-shot G0W0 approximation
[7] using the Godby–Needs plasmon-po le model [14] for the dielec- 
tric function. An extrapolar approximat ion was used to make the 
convergence against the number of bands much faster [15]. This 
extrapolar approximat ion assumes that all the states above the last 
state that we took into account have the same energy. 

An extrapolar energy of 2.0 Hartree reduced by a factor 3 the 
number of empty states required for a convergence within 0.1% 
of the gap value both for screening and self-energy calculations .

For CaS it was required to take 100 bands (200 bands for CaO)
into account in the calculation of the screening and 200 bands 
(the same for CaO) in the computation of the self-energy for a con- 
vergence to 1.0 meV for the direct bandgap. 

The required kinetic energy cut-off for the dielectric matrix to 
converge the inverse dielectric matrix within 0.01% of the dielec- 
tric constant and within 1.0 meV of the direct bandgap was 10 Har- 
tree (14 Hartree for CaO). A 8 � 8 � 8 Monkhors t–Pack k-point grid 
led to a maximum energy difference of 0.05 eV for high symmetry 
points.

The quasi-partic le electroni c band structure on a denser k-point
grid along high symmetry points was obtained by an interpolation 
using Wannier functions [20]. This approach is significantly better 
than the usual method of just using a constant scissor-shift for all 
unoccupied bands. 

The imaginary part of the macroscopic dielectric function e(x)
is computed including excitonic effects (electron–hole interaction)
1 The difference on the unoccupied states of FCC bulk sulfur is larger (340 meV) but 
the FCC configuration is non-physical. 
through the solution of the BSE [8] in the Tamm–Dancoff approx- 
imation [16]. The same wavevector grid as for the quasi-partic le 
calculatio n was used for the excitonic calculatio n. The kinetic-en- 
ergy cut-off for the dielectric matrix to converge the dielectric 
function within 50 meV was 4 Hartree and 5 Hartree for CaS and 
CaO, respectively . The relative converge nce below 1% of the 
absorption spectrum required to take explicitly into account the 
six top valence bands and the 12 first conduction bands for CaS. 
For CaO the four top valence bands and the 10 first conductions 
bands were needed. The convergence of the k-point sampling is 
crucial for BSE calculations and an average over 64 BSE calculation 
on a 10 � 10 � 10 k-point grid was required to converge every va- 
lue below 1% for the peak position and 8% for the peak height. For 
CaO the calculations were converge d below 0.1% for the peak posi- 
tion and 5% for the peak height using an average over 64 BSE cal- 
culations on 12 � 12 � 12 k-point grids. 

All the first-principles calculations in this work were performed 
using the Abinit software [17].
4. Results 

The lattice parameters of CaS and CaO were calculated after 
structura l relaxation in DFT-LDA to be 5.567 Å and 4.711 Å respec- 
tively. These values match the experimental lattice parameters of 
5.690 Å [18] and 4.803 Å [19]. The maximal relative error is below 
2%.

The electronic band structure calculated at the experimental 
lattice paramete r within the GW approximation for CaS is shown 
in Fig. 1. The calculations have been performed on a 8 � 8 � 8
Monkhors t–Pack grid and interpolated using Wannier functions 
[20] to give the final electronic band structure along the traditional 
highest symmetr y points of the rock salt structure. 

The direct C–C band gap is 5.567 eV, the direct X–X gap is 
5.133 eV and the indirect C–X one is 4.279 eV. These values are 
compare d with the experimental ones in Table 1.

The electronic band structure in the quasi-par ticle picture with- 
in the GW approximation for CaO is shown in Fig. 2.

The direct C–C band gap is 6.528 eV, the direct X–X gap is 
6.463 eV and the indirect C–X gap is 6.016 eV. These values are 
also compare d with the experimental ones in Table 1.
Fig. 1. Quasi-particle electronic band structure of CaS using Wannier interpolation. 
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Table 1
(Upper): Theoretica l band gaps using the G0W0 approxima tion as well as experimen- 
tal band gaps energies of CaS and CaO compounds (determined at 2 K). (Middle): The 
theoretical absorption energies (using the BSE formalism) as well as the experimental 
absorption energies (determined from reflection spectra) at 2 K except for [22] and 
our result where it was at 300 K. (Lower): Theoretical dielectric constants are 
obtained using BSE and the experimental ones from single crystal normal incidence 
reflection spectra. 

Band-gaps (eV)

Eg(Xc–Cv) Eg(X) Eg(C)

CaS (this work) 4.279 5.133 5.567 
(exp.) 4.434 [5] 5.343 [5] 5.8 [5]
CaO (this work) 6.016 6.463 6.528 
(FP-LMTO) 6.01 [21] – –
(G0W0) 6.0 [25] – –
(scGW) 7.6 [25] – –
(exp.) 7.0 [21] 6.875 [5] –

Absorption energies (eV)
E(Xc–Cv) E(X) E(C)

CaS (this work, th.) – 4.86 –
(this work, exp.) – 4.98 –
(RPA) – 4.47 [6] –
(exp.) – 5.27 [5] 5.74 [5]
(exp.) – 5.41 [4] –
CaO (this work) – 6.06 –
(RPA) – 6.19 [6] –
(exp.) – 6.81 [5] –
(exp.) – 6.79 [22] 7.03 [22]
(exp.) – 7.24 [4] –

Dielectric constant 
e1

CaS (this work) 4.80 
(exp.) 4.15 [23]
CaO (this work) 3.33 
(exp.) 3.33 [24]

Fig. 2. Quasi-particle electronic band structure of CaO using Wannier interpolation. 
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Fig. 3. Quasi-particle absorption spectra (i.e. the imaginary part of the dielectric 
constant e2) of CaS including excitonic effect. The spectra in dashed line is the 
experimental reference from synchrotron radiation at 77 K [4] and the spectra in 
dotted line is the imaginary part of the complex dielectric constant obtained from 
an experimental exciton reflection spectra at 2 K [5].
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Fig. 4. Quasi-particle absorption spectra (i.e. the imaginary part of the dielectric 
constant e2) of CaO including excitonic effect. The spectra in dashed line is the 
experimental reference from synchrotron radiation at 77 K [4] and the spectra in 
dotted line is the imaginary part of the complex dielectric constant obtained from 
an experimental exciton reflection spectra at 2 K [5].

S. Poncé et al. / Optical Materials 35 (2013) 1477–1480 1479
In both cases G0W0 underestimate s the gap with respect to 
experimental results. This effect, although not yet fully understood ,
is commonly accepted as well as the fact that self-consiste nt GW
overestimat es it [25].

The absorption spectrum can be computed from the imaginary 
part of the macroscopic dielectric function including excitonic ef- 
fects through the Bethe–Salpeter equation . The imaginary part of 
the macroscopic dielectric function e2 gives the spectrum at zero 
Kelvin, depicted in Fig. 3 for CaS and in Fig. 4 for CaO and is com- 
pared with two experime ntal spectra [4,5].

The experime ntal results point toward a lowering of the onset 
of absorption with decreasing temperat ure. One can infer that 
the experime ntal value at 0 K would be even closer to the theoret- 
ical one. 

The first absorption peak that will correspond to the X–X direct
transition is shifted towards lower energy by 0.27 eV due to exci- 
tonic effects (0.40 eV in the case of CaO). These values appear com- 
patible with exciton binding energies in typical sulfide/oxides 
following Dorenbos’ [26] rule of thumb Eb = 0.08 Eg(X) for optical 
gaps (in our case at the X k-point).

Such binding energies seem much larger than the ones reported 
in Ref. [5]. However, these values are not straightfo rwardly de- 
duced from the experimental data: they rely on independen t-par- 
ticle theoretical band structure. We hypothesise that this 
discrepan cy may come from the intrinsic limitations of the avail- 
able theoretical tools in this reference, without explicit treatment 
of the excitons. Anyhow, for the rest of the spectrum, the experi- 
mental data and theoretical spectrum are in qualitativ e agreement, 
but quantitat ively, there are significant differenc es. 

The zero-frequency limit of the real part of the dielectric func- 
tion corresponds to the electroni c dielectric constant e1 because
the formalism only probes electroni c degrees of freedom while 
vibration s of the lattice are not included. The electronic dielectric 
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constant for CaS is relatively close to the experimental one (13.5%)
of 4.15 [23] whereas the one calculated for CaO is in striking agree- 
ment with the experimental value of 3.33 [24].

The complex refractive index is defined as n ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e1 þ ie2

p
¼

mþ ij and this is also equal to n ¼
ffiffiffi
R
p

ei/2 with R ¼ e2
1 þ e2

2 and /
= arctan e2/e1

The absorption coefficient is defined as: 

a ¼ 2xj
c
¼

2x
ffiffiffi
R
p

sin /
2

c
: ð1Þ

From this equation and the Bethe–Salpeter macroscopic dielec- 
tric function we can compute the absorption function as depicted 
in Fig. 5. In comparison, we also show in Fig. 5 the experimental 
absorption spectrum of CaS at room temperature .

We can see that the absorption onsets of both spectra are very 
close. The actual value of the highest point of the absorption spec- 
tra is scaled to match in both spectra. After our theoretical and 
experimental analysis we suspect that Ref. [5] with an onset value 
of 5.27 eV is to be questioned. 

5. Conclusions 

First-princip les analysis of CaS and CaO as well as experimental 
characterizati on of the CaS compound have been performed. 
Agreement is observed for the lattice parameter to within 1.2% 
using DFT with LDA. We confirm the indirect character of the band 
gap between the X-point conduction band and the C-point valence 
band for both compounds . The onset of absorption for CaS is repro- 
duced within 0.1 eV using many-body theories including excitonic 
effects through the Bethe–Salpeter equation. The electronic dielec- 
tric constant of 3.33 was matched by the calculation for CaO and 
the value of 4.15 was approached for CaS. The shape of CaS and 
CaO absorption spectra qualitatively (and to a certain extent quan- 
titatively) match the experime ntal one. We report 0.27 eV and 
0.40 eV for the exciton binding energies, respectively .
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