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Electronic properties of barium chalcogenides were systematically studied using density functional theory
computations, based on both generalized gradient approximation and local density approximation functionals.
Different linear relationships are observed between theoretical band gap and 1/a2 swherea is lattice constantd
for barium chalcogenides containing oxygen and not containing oxygen, respectively. An abnormal behavior of
electronic properties are found for compounds containing oxygen. The effects are attributed to the special
properties of Ba–O bonds, which is different from other chemical bonds between barium and chalcogen atoms.
Pauling electronegativity indicates that only Ba–O bonds are highly ionic bonds, and theoretical charge
densities also show that electrons would be restricted to oxygen atoms when oxygen is in compound. The
results reveal that it is possible to adjust the band gap significantly in barium chalcogenide by introducing
oxygen atoms into its lattice for the gap tailoring of wide-band-gap II-VI semiconductors.
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I. INTRODUCTION

II-VI chalcogenide compounds have attracted increasing
interest due to their potential applications in light-emitting
diodessLEDsd and laser diodessLDsd. Ever since the first
demonstration of a blue-green-emitting laser using ZnSe by
Haaseet al.,1 experiments and first-principles calculations
were reported for chalcogenides including zinc
chalcogenides,2 cadmium chalcogenides,3 and beryllium
chalcogenides.4 It is expected that chalcogenide may provide
new II-VI candidates, complementing the well known IV
and III-V semiconductors, for the fabrication of various
electrical and optical devices.5 On the other hand, the VI
group elements experience a change from nonmetallicsOd
to metallicsPod, which provides a good system for the analy-
sis of general chemical trends among chalcogenides, as
demonstrated in recent publications in lead-,6 tin-,7 and
antimony-chalcogenides.8

Until now, only a few reports on first-principles calcula-
tions are available in the study of the pressure-induced phase
transformation in barium chalcogenides.9–12 No systematic
research on the electronic properties of barium chalcogenides
have been reported, although these compounds may lead to
some unique optoelectronic properties due to their diverse
bond characteristics, and simple rock-salt crystal structure
sB1 structure,Fm3̄md which makes first-principles computa-
tions more affordable. Experiments show that the B1 struc-
ture is stable until 10 GPa for BaO,13 6.5 GPa for BaS,13

6.0 GPa for BaSe,14 and 4.8 GPa for BaTe.15 A studyof elec-
tronic properties in barium compounds may not only enrich
the fundamental understanding of barium chalcogenides, but
also complement the research on all chalcogenides. The ob-
tained relationship between electronic properties and chemi-
cal bonds may be further used in the design of wide-band-
gap II-VI semiconductors for various applications, including
a blue-emitting laser. This paper reports our efforts in under-
standing this important system using the density functional
theory sDFTd calculations.

II. FIRST-PRINCIPLES CALCULATIONS

All calculations involved in this study were performed
using the Cambridge Serial Total Energy PackagesCASTEPd,
where a plane-wave pseudopotentialsPWPd scheme based on
DFT was applied. Both the generalized gradient approxima-
tion sGGA-PW91d16 and the local density approximation
sLDA d were used for calculating the exchange-correlation
energy. The valence electronic configuration during the cal-
culation was 5s25p66s2 for barium andns2np4 for chalco-
gens. Ultrasoft pseudopotential17 for every atom was em-
ployed in this research. The total energies of various barium
chalcogenides with B1 structure at different volumes were
calculated first. For accuracy, 300 eV cutoff energy was
adopted to make sure that there were enough plane waves
involved in wave-function expansion. Meanwhile, 10 special
k points corresponding to the 63636 Monkhorst-Park
mesh18 were used for Brillouin zone integration. All param-
eters have been tested for convergence. The total energies as
a function of volume were then fitted by Birch-Murnaghan’s
equation of state19 to obtain equilibrium lattice constanta0. A
unit cell for theoretical calculation is shown in Fig. 1.

To study the effects of chemical bonds in the II-VI semi-
conductors, a partial substitution of the chalcogen atom in
binary by other chalcogen atom was conducted and therefore
new chemical bonds between barium and chalcogens were
formed in compounds. For example, when the body-centered
Te atom in BaTesone of the high-symmetry points in com-
poundd was substituted by an O atom, some Ba–Te chemical
bonds in BaTe were replaced by Ba–O bondsssee Fig. 1sbdd.
After each substitution, the total energy for each new system
was then calculated at different volume and the results were
fitted to the equation of state to obtain the equilibrium lattice
constanta0.

After total-energy calculations, some important electronic
properties, such as band structure and charge density, were
calculated at the theoretical equilibrium volume using both
the GGA and LDA methods.
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III. RESULTS AND DISCUSSION

The total energies of barium chalcogenides as a function
of their volume were calculated using the GGA and LDA
methods, and were fitted to the equation of state using the
least-squares method. The equilibrium lattice constantsa0
were obtained and shown in Table I.

Table I shows that the calculated equilibrium lattice con-
stants for binaries are in good agreement with the experi-
ments; especially the results obtained using the GGA
method. The results are also consistent with the empirical
experience that LDA often underestimates lattice constant
while GGA reduces this error considerably. For compounds

after substitution, the volume of the unit cell should be in-
creased if the atom in the cell is substituted by a larger atom,
and decreased if by a smaller one. As a result, the lattice
constant of BaTe0.75O0.25 is smaller than that of BaTe and
larger than that of BaO. Similar results are found for other
compounds in our calculations.

Band structures and charge densities were calculated us-
ing both the GGA and LDA methods and the results show
similar patterns. In Fig. 2, the typical band structures of BaO,
BaTe, BaTe0.25O0.75, and BaTe0.75O0.25 are presented and
other compounds are of similar patterns. The band structures
show that all compounds are direct band-gap semiconductors
with a minimum gap at theG point. Meanwhile, the energy
difference atG and X points in the conduction band is so
small that the indirect transitions in these materials are also
possible. In Table II, the direct band gap of each compound
at theG point is shown. For comparison, experimental results
of binary compounds20 are also listed. However, no experi-
mental data for ternary compounds can be found at this time.
All band gaps calculated using the GGA and LDA methods
are found to be smaller than the experimental ones, as ex-

FIG. 2. Calculated band
structures using the GGA
method for sad BaO, sbd BaTe,
scd BaTe0.25O0.75, and sdd
BaTe0.75O0.25. All these com-
pounds are direct band-gap semi-
conductors, which are also found
in all other compounds calculated
using either the GGA or LDA
method.

FIG. 1. Schematic unit cells ofsad BaX, Fm3̄m, and sbd
BaX0.75Y0.25, Pm3̄m for the theoretical calculation. X and Y are two
different chalcogen atoms. Thes200d plane in unit cell is shadowed.

TABLE I. Calculated and experimental equilibrium lattice con-
stantsa0 sÅd of barium chalcogenides.

Name

a0 sÅd

GGA LDA EXPa

BaO 5.562 5.454 5.520

BaS 6.407 6.276 6.374

BaSe 6.640 6.477 6.600

BaTe 6.989 6.869 7.000

BaPo 7.046 6.950 7.119

BaS0.25O0.75 5.839 5.720

BaS0.75O0.25 6.245 6.126

BaS0.25Se0.75 6.584 6.427

BaS0.75Se0.25 6.462 6.328

BaSe0.25Te0.75 6.909 6.777

BaSe0.75Te0.25 6.745 6.585

BaTe0.25O0.75 6.113 5.988

BaTe0.75O0.25 6.783 6.650

aReferences 9–12 and the references therein.
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pected. The calculated band gaps for BaSs2.1 eV,10

2.30 eV11d, BaSe s1.8 eV,10,12 2.01 eV11d, and BaTe
s1.4 eV,10 1.58 eV,11 1.45 eV12d available in literature, sup-
port our calculated results. For BaS, BaSe, BaTe, and BaPo,
band gaps are decreased with the increasing of atomic num-

ber, which can be attributed to the characteristics of bonds in
compounds. Usually, ionic bonds, covalence bonds, and me-
tallic bonds are found in II-VI semiconductors. For barium
chalcogenides, with the increase of atomic number, the ionic
characteristic decreases and the metallic one increases from a
Ba–O bond to a Ba–Po bond, accompanied by a decrease of
the band gap.

Using experimental data of BaS, BaSe, and BaTe, Dalven
summarized an empirical relationship that band gaps of
barium chalcogenides were linear with 1/a2, wherea was
the lattice constant of crystal.22 It is shown in Fig. 3 that the
theoretical band gaps of BaS, BaSe, BaTe, and BaPo, calcu-
lated using either the GGA or LDA method, are also linear
with 1/a2, except BaO. Interestingly, the slope of the line
according to the theoretical results is similar to that of the
experimental results. For BaO, to obey the same linear rela-
tionship, the band gap has to be 3.50 eV when using the
GGA methodfFig. 3sadg and 3.18 eV when using the LDA
method fFig. 3scdg, respectively, which are greatly larger
than the calculated results. Moreover, the linear relationship
can also be extended to ternary compounds not containing
oxygen fsolid lines in Figs. 3sbd and 3sddg. However, for
compounds containing oxygen, another linear relationship
has to be followed, as the dashed lines describe in Figs. 3sbd
and 3sdd. In Fig. 4, we also present the results of band gaps
versus compound series. From Fig. 4, it seems that the analy-

TABLE III. Pauling electronegativitysfd of chemical bonds be-
tween the barium and chalcogen atom.

Ba–O Ba–S Ba–Se Ba–Te Ba–Po

f 0.80 0.51 0.50 0.31 0.27

FIG. 3. The band gap vs
100/a2 wherea is the equilibrium
lattice constant. The results for bi-
nary compounds are listed insad
and scd. The results for all com-
pounds are listed insbd and sdd.
The results insad and sbd are cal-
culated using the GGA method, in
scd andsdd using the LDA method.
The white diamond insad and scd
indicates the experimental result,
and the dark one insad andscd in-
dicates the calculated result. The
dark square insbd and sdd indi-
cates a compound not containing
oxygen, and the cross indicates a
compound containing oxygen.

TABLE II. Calculated band gapsEg seVd at theG point and the
experimental band gaps of barium chalcogenides.

Name

Eg seVd

GGA LDA EXP

BaO 2.09 1.67 3.88a, 4.10b

BaS 2.17 1.83 3.88a, 3.90b

BaSe 2.02 1.63 3.58a, 3.60b

BaTe 1.65 1.28 3.08a, 3.10b

BaPo 1.45 1.01

BaS0.25O0.75 1.96 1.69

BaS0.75O0.25 1.58 1.41

BaS0.25Se0.75 2.05 1.67

BaS0.75Se0.25 2.11 1.76

BaSe0.25Te0.75 1.71 1.33

BaSe0.75Te0.25 1.90 1.53

BaTe0.25O0.75 1.68 1.34

BaTe0.75O0.25 1.01 0.92

aReference 20. All experimental results were deduced from an op-
tical absorption spectrum of polycrystalline films at −160 °C.
bReference 21. All experimental results were deduced from an op-
tical absorption spectrum of polycrystlaline films at liquid air tem-
peratures−196 °Cd except BaO which was measured at room tem-
perature.
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sis can be made again according to the compounds contain-
ing and not containing oxygen. For those compounds without
oxygenfcurves 1 and 2 in Figs. 4sad and 4sbdg, the band gaps
would be linearly decreased if the substitution is employed
by introducing another chalcogen atom with a larger radius
or higher atom number. Otherwise, the band gap would be
linearly increased. However, for compounds containing oxy-
gen, this regulation does not hold. There is often a dip in the
curves close to the low oxygen content sidefcurves 3 and 4
in Figs. 4sad and 4sbdg.

The special trend for oxygen-contained compounds can
be attributed to the high ionic characteristics in Ba–O, which
is worth discussing more. Since Pauling electronegativity23

can be used to study the ionic characteristic in chemical
bonds, we calculate the Pauling electronegativity for all bi-
naries with B1 structure. The Pauling electronegativity for a
compound ofAMBN is described by Eq.s1d and the results
are shown in Table III.

f = 1 −
N

M
expH−

sXA − XBd2

4
J . s1d

Here,XA andXB are Pauling electronegativity of elements
A and B, respectively. The electronegativity of Ba–O
is 0.80, which means that the bond between the barium
and oxygen atom is highly ionic. However, the electronega-
tivities of bonds between barium and other chalcogen
elements si.e., Ba–S, Ba–Se, etc.d are in the range of
0.27–0.51 and the ionic characteristic is significantly weaker
than that in Ba–O. It is known from the periodic table
of elements that, when forming chemical bonds with the
elements in the same group, with the increase of atom
number, the ionic part in chemical bonds decreases while
the metallic part increases. Hence the ionic part in chemical
bonds decrease from Ba–O bonds to Ba–Po bonds, as
mentioned above. It is the characteristics of chemical
bonds that result in the different electronic properties
between barium chalcogenides containing oxygen and not
containing oxygen as the chemical bonds can affect the
distribution of valence electrons or their movement in
compounds.

FIG. 5. Calculated charge den-
sity in the s200d plane using the
GGA method,sad BaO, sbd BaTe,
scd BaTe0.25O0.75, and sdd
BaTe0.75O0.25. Chalcogen ele-
ments seat in the corners and the
middle of the planesespecially for
substituting atom in ternary com-
poundsd. Ba atoms seat in the
middle of the four edges. A sche-
matic diagram of thes200d plane
is shown in Fig. 1. Extremely high
charge density is found near oxy-
gen atoms. Similar results are
found in all compounds calculated
using either the GGA or LDA
method.

FIG. 4. Calculated band gap vs
compound seriessad using the
GGA method andsbd using the
LDA method. X and Y insad and
sbd are two different chalcogen el-
ements, respectively. A dip is
found near the low oxygen side
for the series containing oxygen,
while a linear relationship is
found for compounds not contain-
ing oxygen.
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Because the bond characteristics in compounds can
essentially affect the distribution of valence electrons in
compounds, the charge densities of valence electrons in
all compounds are calculated using both the GGA and
LDA methods. In Fig. 5 the charge densities of BaO,
BaTe, BaTe0.25O0.75, and BaTe0.75O0.25 calculated using the
GGA method are shown. It is indicated in Fig. 5 that in
BaTe, the compound without an oxygen atom, the charge
density changes smoothly all around the compound with a
slightly higher density found near the Te atom. However,
when oxygen atoms are introduced, most valence electrons
are restricted by oxygen atoms, which results in an extremely
high charge density near oxygen atoms, such as
BaTe0.25O0.75 or BaTe0.75O0.25 in Fig. 5. The localization of
electrons near oxygen atoms can be found in all barium chal-
cogenides we calculated using either the GGA or LDA
method. The results can be explained according to the
fact that in ionic bonds, the valence electrons are removed
from one atom and attached to another atom resulting in
positive and negative ions in compounds, while in metal
bonds, valence electrons can move more easily throughout
compounds.

IV. CONCLUSIONS

The electronic properties of barium chalcogenides are
systemically studied using DFT calculationssboth GGA and
LDA functionald. According to the results, the influence of
chemical bonds on electronic properties in semiconductors is
discussed. It is indicated from the results that the electronic
properties of compounds containing oxygen atoms always
obey a different relationship from the compounds not con-
taining oxygen atoms. The results are essentially attributed to
the bond characteristics between barium and chalcogen at-
oms. The Ba–O bonds are characterized as high ionic bonds.
But all other bonds between barium and chalcogen atoms
seem to be of similar properties. The influence from
the ionic part in these bonds decreases while the one from
the metallic part increases, resulting in the different
electronic properties between the compounds containing and
not containing oxygen. Moreover, for barium chalcogenides
containing oxygen, the band gap may be adjusted by varying
its oxygen contents, especially at the lower oxygen content
side. The results may aid in the design of new II-VI semi-
conductors.

*Present address: Temasek Laboratories, National University of
Singapore, Singapore, 117508.

†Corresponding author. Electronic address: masgongh@nus.edu.sg
‡Corresponding author. Electronic address: wuping@ihpc.a-

star.edu.sg
1M. A. Haase, J. Qiu, J. M. DePuydt, and H. Cheng, Appl. Phys.

Lett. 59, 1272s1991d.
2K. Toth, T. A. Pakkannen, P. Hirva, and J. Muilu, Surf. Sci.277,

395 s1992d; D. W. Mitchell, T. P. Das, W. Potzel, G. M. Kalvius,
H. Karzel, W. Schiessl, M. Steiner, and M. Köfferlein, Phys.
Rev. B 48, 16 449s1993d.

3L. P. Colletti, B. H. Flowers, and J. L. Stickney, J. Electrochem.
Soc. 145, 1442s1998d.

4F. Fischer, G. Landwehr, Th. Litz, H. J. Lugauer, U. Zehnder, Th.
Gerhard, W. Ossau, and A. Waag, J. Cryst. Growth175/176,
532 s1997d; V. Wagner, J. J. Liang, R. Kruse, S. Gundel, M.
Keim, A. Waag, and J. Geurts, Phys. Status Solidi B215, 87
s1999d; M. Legge, G. Bacher, S. Bacher, A. Forchel, H.-J.
Lugauer, A. Waag, and G. Landwehr, IEEE Photonics Technol.
Lett. 12, 236 s2000d.

5K. L. Heng, S. J. Chua, and P. Wu, Chem. Mater.12, 1648
s2000d.

6S. H. Wei and A. Zunger, Phys. Rev. B55, 13 605s1997d; M.
Lach-hab, D. A. Papaconstantopoulos, and M. J. Mehl, J. Phys.
Chem. Solids63, 833 s2002d.

7I. Lefebvre, M. A. Szymanski, J. Olivier-Fourcade, and J. C. Ju-
mas, Phys. Rev. B58, 1896s1998d.

8J. Olivier-Fourcade, A. Ibanez, J. C. Jumas, M. Maurin, I. Lefe-
bvre, P. Lippens, M. Lannoo, and G. Allan, J. Solid State Chem.
87, 366 s1990d.

9L. G. Liu and W. A. Bassett, J. Geophys. Res.77, 4934s1972d; S.

Yamaoka, O. Shinomura, H. Nakazawa, and O. Fukunaga, Solid
State Commun.33, 87 s1980d; K. Syassen, N. E. Christensen,
H. Winzen, K. Fischer, and J. Evers, Phys. Rev. B35, 4052
s1987d; G. Kalpana, B. Palanivel, and M. Rajagopalan, Phys.
Status Solidi B184, 153s1994d; M. P. Habas, R. Dovesi, and A.
Lichanot, J. Phys.: Condens. Matter10, 6897 s1998d; H. Ak-
barzadeh, M. Dadsetani, and M. Mehrani, Comput. Mater. Sci.
17, 81 s2000d.

10A. E. Carlsson and J. W. Wilkins, Phys. Rev. B29, 5836s1984d.
11G. Kalpana, B. Palanivel, and M. Rajagopalan, Phys. Rev. B50,

12 318s1994d.
12S. H. Wei and H. Krakauer, Phys. Rev. Lett.55, 1200s1985d.
13S. T. Weir, Y. K. Vohra, and A. L. Ruoff, Phys. Rev. B33, 4221

s1986d.
14T. A. Grzybowski and A. L. Ruoff, Phys. Rev. B27, 6502s1983d.
15T. A. Grzybowski and A. L. Ruoff, Phys. Rev. Lett.53, 489

s1984d.
16J. P. Perdew, inElectronic Structure of Solids’91, edited by P.

Ziesche and H. EschrigsGaussig, Germany, 1991d, Vol. 17, p.
11.

17D. Vanderbilt, Phys. Rev. B41, R7892s1990d.
18H. J. Monkhorst and J. D. Pack, Phys. Rev. B13, 5188s1976d.
19F. Birch, J. Geophys. Res.83, 1257 s1978d; T. Tsuchiya and K.

Kawamura, J. Chem. Phys.114, 10086s2001d.
20R. J. Zollweg, Phys. Rev.111, 113 s1958d.
21G. A. Saum and E. B. Hensley, Phys. Rev.113, 1019s1959d.
22R. Dalven, Phys. Rev. Lett.28, 91 s1972d; Phys. Rev. B8, 6033

s1973d; Phys. Status Solidi B62, K5 s1974d.
23L. Pauling,The Nature of the Chemical BondsCornell University

Press, Ithaca, NY, 1960d, p. 64.

ELECTRONIC PROPERTIES OF BARIUM… PHYSICAL REVIEW B 71, 085203s2005d

085203-5


