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First-principles study of intrinsic defects in yttrium oxysulfide
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Atomic and electronic structures of intrinsic point defects in yttrium oxysulfides (Y2O2S) are studied by
first-principles total-energy calculations based on density-functional theory combined with normconserving
pseudopotentials. Energetics of all the intrinsic point defects are determined for a variety of charge states. From
the energetics, the concentrations of the anion vacancies and the interstitial anions are found to be larger than
those of the yttrium vacancy and the interstitial yttrium atom under practical conditions. It is also found that the
oxygen vacancy, the sulfur vacancy, and the interstitial sulfur atom induce relatively deep levels in the energy
gap, whereas the interstitial oxygen atom induces relatively shallow acceptor levels. These findings are con-
sistent with observed broad-band blue luminescence in undoped yttrium oxysulfide, existence of shallow
acceptor levels in oxysulfides, and are presumably related to persistent phosphorescence and energy storage
phenomena in Eu-doped oxysulfides. Furthermore, negative-U characters are found in the oxygen vacancy and
the interstitial sulfur. These behaviors of the defects can be explained from the viewpoint of the covalent bonds
newly appearing around the defects in the ionic host material.@S0163-1829~99!03627-9#
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I. INTRODUCTION

Defects in semiconductors generally affect optical a
electronic properties of the host materials. In wide-gap se
conductors that are mainly applied to blue or ultravio
light-emitting diodes, a variety of defect-related phenome
such as luminescence from deep levels, self-compensa
uniporality, and so on are certainly observed; ‘‘yellow lum
nescence’’ in GaN, for example, is supposed to be a tra
tion from a shallow donor level to a deep acceptor le
induced by gallium vacancy.1,2 Control of the defects is thu
of principal importance in technology. In this respect, def
formation energy~DFE! defined as energy cost to make
defect, has an important meaning. The DFE’s in wide-g
semiconductors are sensitive to their charge states; DF
may vary by the order of the wide-band gap upon elect
transfer to or from the Fermi level. Therefore, understand
and, if possible, control of their intrinsic defects for a varie
of charge states are essential to exploit potentialities of w
gap materials. The aim of the present paper is to study
electronic structure of intrinsic point defects for a variety
charge states in yttrium oxysulfide (Y2O2S), which is also a
wide-gap semiconductor.

Rare-earth oxysulfides (M2O2S with M5Y, and the lan-
thanides, space groupP3̄m1, Fig. 1! are known as wide-gap
~4.6–4.8 eV! semiconductors.3 They have been utilized a
host materials for efficient phosphorescent use about a q
ter of a century.4 Especially, europium-activated Y2O2S
emits bright red light under cathode-ray excitation and h
been widely used for televisions.5,6 From the scientific view-
points, the rare-earth oxysulfides are unique in their cha
ters. The rare-earth atom usually containsd orbitals as its
valence states so that unusual many fold hybridization
expected in oxysulfides. Electron transfer from the rare-e
atom to sulfur and oxygen atoms is also expected. Delic
PRB 600163-1829/99/60~3!/1707~9!/$15.00
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difference in ionicity between the sulfur and the oxygen
oms is also of interest.

In our previous work,7 we have investigated the electron
structure of crystalline Y2O2S by first-principles total-energy
electronic-structure calculations. We have found that Y2O2S
is an indirect-gap semiconductor and the band structur
substantially anisotropic, which is in accord with the o
served anisotropic character of its refractive index. We h
also clarified that there is higher electron density around o
gen atoms than around sulfur atoms, and that substantia
valency in Y-O bonds and less covalency in Y-S bonds
exist. The degree of the covalency is also understand
from the comparison between the bond length and the sum
the corresponding Pauling’s ionic radii.8 From the chemical

FIG. 1. Crystal structure ofM2O2S (M5Y and lanthanides!.

~trigonal, P3̄m1) Sizes of the atoms are shown according to Pa
ing’s ionic radii ~Ref. 8!; 0.96, 1.40, and 1.84 Å for yttrium, oxy
gen, and sulfur atoms, respectively. Calculated lattice constana
andc are 3.750 and 6.525 Å , respectively.
1707 ©1999 The American Physical Society
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1708 PRB 60MASAYOSHI MIKAMI AND ATSUSHI OSHIYAMA
difference between the O and the S atoms in Y2O2S, we
expect different properties between the sulfur and the oxy
vacancy in this material. Or more generally, the intrin
point defects in Y2O2S are expected to have unique chara
ters due to the competition between covalency and ionic
It is, therefore, interesting to investigate the intrinsic defe
in such an exotic system with first-principles methods.

Some defects in the oxysulfides, in fact, have been s
posed to play important roles in several interesting phen
ena for a long time. To begin with, there are several indi
tions that intrinsic shallow acceptor levels exist
oxysulfides. Dobrov and Buchanan observed that rare-e
element~Eu, Tb, Nd! doped lanthanum oxysulfides exhibite
strong photoconductivity under ultraviolet~UV! light.9 The
gradual increase in the photoconductive response in the 2
300 nm region in all the samples suggests that the photo
ductivity is associated with the host property of the lanth
num oxysulfides. This photoconduction strongly increa
with increasing temperature. This suggests that carrier
time is limited by traps. The majority of photocarriers ha
been identified as holes by measuring the sign of the H
photovoltage. The doped rare-earth ions are expected to
the same charge state as Y ion~13! in the oxysulfides, i.e.,
isovalent impurities, so that the hole conduction have b
speculated to come from shallow acceptor levels induced
intrinsic defects of the oxysulfides.

As for phenomena presumably related to the shallow
ceptor levels, we mention two examples; persistent phosp
rescence and energy storage phenomena in Eu-doped ox
fides. It has been known that Eu-doped oxysulfides exc
by x-rays or cathode rays show phosphorescence that
many minutes even at room temperature, while Eu31 transi-
tion (5DJ˜

7FJ8 ) has a radiative lifetime no longer than
few milliseconds.10 Further, an interesting energy-stora
phenomenon in oxysulfides has been observed by Fo
et al.11 and Strucket al.;12 energies used to excite the mat
rials can be stored for months in appropriate conditions~e.g.,
below 200 K in La2O2S), and then be released as Eu rad
tive transitions either by infrared~IR! or thermal stimulation.
Struck and Fonger proposed that both the persistent p
phorescence and the energy storage are related to sh
acceptor levels: i.e., the excited Eu31 level, charge-transfe
state, becomes Eu21 plus a free hole; the hole is trapped
the shallow level; upon IR or thermal excitation, the hole
now released from the level; the resultant free hole sub
quently recombine with Eu21 and then the radiative trans
tion in Eu31 ion occurs.10

Moreover, defect-related luminescence is also obser
Especially, Yamamotoet al. found broad blue luminescenc
bands with peaks at around 355 and 440 nm~3.5 and 2.8 eV,
respectively! at 80 K in undoped Y2O2S.13 Considering its
band-gap value~around 4.6 eV!, we speculate that deep lev
els play important roles in this phenomena. The similar
with the yellow luminescence inn-type GaN may be inter-
esting.

In spite of all these experimental efforts, no microsco
identification has been achieved for various defect levels
Y2O2S. No theoretical studies have been ever tried to p
pose plausible microscopic models for the above phen
ena.

In this paper, we report the firstab initio calculations of
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atomic and electronic structures and the energetics of int
sic defects in yttrium oxysulfides. These types of calculatio
have only recently been applied to the study of wide g
materials.2,14–18 We have calculated DFE’s of intrinsic de
fects for a variety of charge states: the oxygen vacancy (VO),
the sulfur vacancy (VS), the yttrium vacancy (VY), the inter-
stitial oxygen atom (Oint), the interstitial sulfur atom (Sint),
and the interstitial yttrium atom (Yint). From the DFE’s, the
concentration of the anion-related defects are found to
much lager and thus to play more important roles in phys
phenomena than the yttrium-related defects. We have
explored induced single-electron energy levels in the b
gap and have found that the anion vacancies and the inte
tial sulfur induce relatively deep levels in the band ga
whereas the interstitial oxygen does a shallow acceptor le
We, thus, expect that broad-band blue luminescence
served in undoped yttrium oxysulfide stems from these d
levels and that theOint-induced shallow acceptor level i
responsible for the hole photoconduction, the persist
phosphorescence and the energy-storage phenomenon.
ther, we have also found that the oxygen vacancy, the in
stitial sulfur, and the interstitial yttrium have negative-U
characters: covalent bonds appearing around the defects
an important role in this ionic host material.

The organization of the present paper is as follows:
Sec. II, we present a brief explanation of the first-princip
band-structure calculations using normconserving pseudo
tentials and the definition of DFE, in Secs. III and IV th
calculated results and discussion are shown, respectiv
Section V concludes the paper.

II. CALCULATION METHOD

We perform total-energy electronic-structure calculatio
based on density-functional theory with local-density a
proximation ~LDA ! combined with normconserving
pseudopotentials.19–22 Troullier-Martins-type normconserv
ing pseudopotentials23 are generated to simulate nuclei an
core electrons, where we use fully separable Kleinm
Bylander-type pseudopotentials.24 Yttrium pseudopotential is
generated from an atomic configuration 5s24d15p0 with
core radii of 3.11, 3.47, and 2.07 a.u. for thes, p, and d
components, respectively. The sulfur pseudopotential is g
erated from the atomic configuration 3s23p43d0 with core
radii of 1.54, 1.78, and 1.78 a.u. for thes, p, andd compo-
nents, respectively. For the oxygen pseudopotential, the c
figuration of 2s22p4 with core radii of 1.41 and 1.41 a.u. fo
the s and p components, respectively, is used. Interacti
among valence electrons are treated within the LDA: we
the exchange-correlation functional of Ceperley and Alde25

as parameterized by Perdew and Zunger.26 We have found
that the calculated equilibrium volume and internal coor
nates of atoms agree well with experimental results e
without partial-core correction;7 the calculated lattice con
stantsa and c are 3.750 and 6.525 Å , respectively; atom
positions in Y2O2S using the lattice vector unit ar
6(0.333,0.667,0.282) for two yttrium atoms
6(0.333,0.667,0.631) for two oxygen atoms, and~0,0,0! for
a sulfur atom. These calculated parameters agree well
the experimental ones within 1% errors. Further detailed
counts can be found in our previous work.7
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PRB 60 1709FIRST-PRINCIPLES STUDY OF INTRINSIC DEFECTS . . .
For a variety of charge states of defects, we calculate t
ground-state energies and atomic forces, search~meta-!stable
atomic geometries, and then obtain electronic structure
the resulting~meta-!stable atomic geometries. A point defe
in an otherwise perfect crystal is simulated by a super
that contains 40 lattice sites (2a32a32c);27 the lattice con-
stants,a andc, are set to be the above theoretical values
the case of the vacancy, we make its initial geometry by
removing an atom from the supercell. In the case of
interstitial atom, we put an interstitial atom at the midpo
between two sulfur atoms alongc axis for initial geometry;
from the Pauling’s ionic radii8 of the atoms~see Fig. 1!, this
site has the widest space in which the interstitial atoms co
occupy. We then optimize each~charged-!defect geometry
by minimizing its total energy without any assumptions
geometrical symmetry. Wave functions and thus charge d
sities are expanded in terms of plane-wave basis set.
cutoff energy of the plane-wave basis set is 59 Ry, which
adequate for obtaining converged results in th
calculations.28 G-point sampling is used for the Brillouin
zone integration; the geometries optimized with theG-point
sampling remain unchanged when we use the three sp
k-point sampling.29 The related error of the total-energy di
ference is also estimated to be less than 0.5 eV. This valu
sufficiently smaller than the DFE difference among the
trinsic defects that we will discuss later. The conjugate g
dient minimization technique21 is employed to minimize the
total energy with respect to both electronic and ionic degr
of freedom. In the resulting~meta-!stable geometries, th
force acting on each atom is less than, typically, 0.0
Ry/Å. The formation energyEf(Q) of a point defect related
to the atom speciesi ~5 Y, O, S! in Y2O2S with the charge
stateQ(50,61,62, . . . ) isdefined as

Ef~Q!5DEtot~Q!6m i1Q~me1Ev
Q!, ~2.1!

where in the plus-minus sign the1 corresponds to a vacanc
and the2 to an interstitial atom, andme and m i are the
electron chemical potential and the atom chemical poten
respectively. Here,Q conventionally corresponds to th
number of electrons transferred from the defect to a reser
of electrons, andDEtot(Q) is the total energy difference be
tween the supercell containing the defect with the cha
state Q and the perfect crystal supercell, i.e.,Etot(Q)
2Ecrys. The zero ofme is defined as the top of valence-ban
energyEv

Q of the defect supercell with the charge stateQ. In
this definition, the DFE has the meaning of energy cos
make an point defect in the crystal.

As expressed above, the formation energy depends on
charge state, the Fermi level (me), and on the atomic chemi
cal potentialm i ( i 5Y,O,S). Theme is determined by dop-
ing conditions and is also related to concentrations of ot
defects and to the number of externally injected carriers
this paper, we simply regard it as an external parameter.
m i is generally determined by an equilibrium condition a
kinetic hindrances in growth processes. The equilibrium c
dition leads to

mY2O2S52mY12mO1mS, ~2.2!

where mY2O2S is the chemical potential of Y2O2S. In this

paper, we adopt themO (mS) to be one half of the tota
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energy of the spin-unpolarized O2 (S2) molecule.30 This set-
ting of the chemical potentials corresponds to a situation
which Y2O2S is exposed to the atmosphere of O2 and S2
during the growth. We think that this setting is qui
practical.31

We here add a comment on the technique in dealing w
charge states. In the calculation for the charge stateQ, an
uniform background charge with opposite sign is distribu
to keep neutrality of the whole system~this prescription pre-
vents the divergence in the calculated total energies!. In this
calculation, the total energyEtot(Q) is underestimated be
cause of the fictitious attractive interaction between the ba
ground charge and the excess chargeQ, while the total en-
ergyEtot(0) in a noncharged system is well defined. In ord
to correct this underestimation, we estimate the total ene
of the charged states according to the ‘‘Slater’s transiti
state theory.’’32

III. RESULTS

A. Energetics of defects from DFE diagram

In this section we present calculated DFE’s of intrins
point defects in Y2O2S for a variety of charge states. Figu
2 shows DFE’s as a function of the electron chemical pot
tial in the calculated energy gap of Y2O2S ~2.61 eV!. As for
vacancies, it is found that the sulfur vacancyVS is lower than
the oxygen vacancyVO in formation energy at any position
of the electron chemical potential in the energy gap, and
the DFE of yttrium vacancyVY is the highest. The formation
energies of theVS and theVO for their neutral charge state
are 3.51 and 5.93 eV, respectively.33 This difference is un-
derstandable from the difference in properties between
Y-O bond and the Y-S bond in crystalline Y2O2S: It has
been clarified7 that the Y-O bond is more covalent than th
Y-S bond. This strength difference between the Y-O bo
and the Y-S bond presumably leads to the difference

FIG. 2. Defect formation energies~DFE’s! for O- (VO), S- (VS),
and Y- (VY) vacancies and for interstitial O (Oint), S (Sint), and Y
(Yint). The chemical potentials are set bymY2O2S52mY12mO

1mS,2mO5mO2
, and 2mS5mS2

. EV and EC stand for the top of
valence bands and the bottom of conduction bands in our calc
tion, respectively. The calculated band gap is 2.61 eV in our pre
ous work. The signed numbers stand for the charge states o
defects.
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1710 PRB 60MASAYOSHI MIKAMI AND ATSUSHI OSHIYAMA
tween their DFE’s. Compared with these anion vacanc
the DFE ofVY is much larger. This is because one Y atom
Y2O2S forms four bonds with neighboring O atoms a
three bonds with the neighboring S atoms. We, thus, rea
ably expect that the concentration ofVY is much smaller than
those of the O and S vacancies.31 Moreover, we find that the
VO is the negative-U system. In Fig. 2, it is clear that theVO

with the singly positive charge state (VO
(11)) is metastable a

any position ofme in the energy gap. EitherVO
(12) or VO

(0) is
the most stable form of theVO. ~Here, the superscripts de
pict the charge state.! This is again due to the strong cov
lency and the resulting electron-lattice~E-L! interaction
around theVO. We will return to this point later.

As for interstitial atoms, it is found that the interstitia
atoms has a variety of charge states:Q522, 21, 0,11, or
12 for the oxygen interstitialOint , Q522 or 12 for the
sulfur interstitialSint , andQ513, 0, or21 for the yttrium
interstitial Yint ~the Q521, 0, and11 states forOint are
stable in an extremely small region ofme in Fig. 2!. The
formation energy of theOint is the lowest: the calculate
DFE’s for the neutral charge state are 1.36 eV forOint , 5.47
eV for Sint and 11.34 eV forYint , respectively. The much
larger DFE ofYint than the others seems to come from t
fact that the bond lengths betweenYint and the surrounding
yttrium atoms~from 2.720 Å forQ521 to 2.878 Å for
Q513) are 24% shorter than the ones in hcp yttrium me
~3.555,3.645 Å!. The difference of DFE’s betweenOint and
Sint will be explained later from the bonding around the i
terstitial atoms. Again, theSint and the Yint are the
negative-U system in the sense that intermediate cha
states are metastable at any position of the Fermi levelme .
This finding also indicates the strong hybridization and
resulting E-L interaction around the interstitial atoms.

From the calculated DFE’s, theOint and possibly theVS
are the most abundant intrinsic point defects in Y2O2S. Even
if we consider the ambiguity of the chemical potentials
atomic species, concentrations of theVY and theYint are
likely to be much smaller than that of other intrins
defects.31 We, thus, safely exclude the possibility thatVY
andYint play roles in explaining the defect-related pheno
ena, which we have mentioned in the Introduction.

FIG. 3. Schematic views of atomic arrangements around~a! the
oxygen vacancy and~b! the sulfur vacancy.
s,
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B. Atomic and electronic structures of anion vacancies

We discuss the atomic and electronic structures of
vacancies in this subsection. Here, we focus mainly on
anion vacancies for the reason stated in the previous sub
tion.

We first examine the atomic structures around the an
vacancies. Schematic views around the anion vacancies
shown in Fig. 3. The geometry information is also given
Tables I and II. In the total-energy minimized neutral vaca
cies, the displacements of the neighboring atoms from
initial ~unrelaxed! geometry inVO

(0) are larger than inVS
(0) .

Subsequently, the energy gain due to the relaxation of
surrounding atoms ofVO

(0) is 0.37 eV, which is much large
than the corresponding value 0.07 eV inVS

(0) . These are
explained from the viewpoint of the atomic structures of t
two vacancies; in the neutral state, the distances between
yttrium atoms adjacent toVO

(0) are 3.758 and 3.893 Å, muc
shorter than the counterparts in S vacancy~5.672 Å!; the
Y-Y distances inVO

(0) are longer than the distances betwe
the nearest neighbor yttrium atoms in hcp yttrium me
~3.555,3.645 Å! only by 3%; this means that the strong h
bridization between the yttrium atoms takes place in theVO;
from this respect, the reconstruction of theVO, i.e., the
yttrium-yttrium rebonding around theVO, is stronger than
that of theVS. Further, we have found that the variation
the displacements of the neighboring atoms as a functio
the charge state is larger in theVO than in theVS: When the
charge state ofVS changed fromQ50 to Q512, the dis-
placement of yttrium atom adjacent to theVS is 0.092 Å ; on
the other hand, the corresponding displacement in theVO is
larger~0.178 Å!. This larger displacement in theVO implies
the strong E-L coupling.

Figure 4 shows the calculated single electron levels in
energy gap. Occupancy levels that are measured in exp
ments are the total energy differences between differ
charge states. It is also known that to identify a difference

TABLE I. The distances between the sulfur vacancy (VS) site
and the neighboring atoms in the total-energy minimized sulfur
cancy. Superscripts stand for charge states of theVS. The distances
in the initial ~unrelaxed! configuration are also shown in the colum
‘‘ VS

(init) .’’ Units in Å .

Parameter VS
(0) VS

(11) VS
(12) VS

(init)

VS-Y 2.836 2.889 2.928 2.834
VS-O 3.213 3.172 3.089 3.231

TABLE II. The distances between the oxygen vacancy (VO) site
and the neighboring atoms in the total-energy minimized oxyg
vacancy. Superscripts stand for charge states of theVO . The dis-
tances in the initial~unrelaxed! configuration are shown in the col
umn ‘‘VO

(init) .’’ Distances between yttrium atoms that surroundVO

are also shown. Units in Å .

Parameter VO
(0) VO

(11) VO
(12) VO

(init)

VO-Y 2.426,2.323 2.518,2.335 2.604,2.363 2.235,2.2
VO-S 3.188 3.152 3.106 3.231
Y-Y 3.758,3.893 3.855,3.904 3.964,3.938 3.591,3.7
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PRB 60 1711FIRST-PRINCIPLES STUDY OF INTRINSIC DEFECTS . . .
single electron levels obtained by the LDA as an excitat
energy of the system causes a substantial error: e.g.,
present LDA calculation gives 2.61 eV for the energy gap
Y2O2S, which is considerably smaller than the experimen
gap (;4.6 eV!. The positions of the levels induced by th
defects in this subsection are thus of qualitative meaning.
can identify the character of each level by analyzing its wa
function, and the analysis is useful to obtain chemical pict
of the deep levels, however.

We first notice that theVS and VO each induce a dee
single level in the energy gap. In their neutral charge sta
two electrons occupy the level. Their charge state can
changed up toQ512 as we stated above. TheQ512
charge state ofVO (VS) corresponds to a removal of a do
bly negatively charged oxygen~sulfur! anion from the per-
fect crystal. On the other hand, we find that theVY induces
relatively ~doubly degenerate! shallow acceptor levels in th
gap. The degenerate levels are fully occupied in theQ5
23 charge state. ThisQ523 charge state of theVY corre-
sponds to a removal of a triply positively charged yttriu
cation from the crystal. These are in accord with a not
that Y2O2S is formally composed of Y13 cations, O22 an-
ions, and S22 anions.

Wave functions of the deep levels induced by theVO and
the VS manifest their characteristics clearly. Figure 5 sho
the wave functions of the deep levels induced by the an
vacancies. Both in theVO and in theVS, we find substantial
amplitudes of wave functions between yttrium atoms nei
boring to the vacancy. In the host of Y2O2S, approximately
two electrons are transferred to an O~S! atom from sur-
rounding four~six! yttrium atoms. Thus, removing one O~S!
atom leaves two electrons behind and the electrons occ
the deep level. The deep level induced by theVS or VO
consists of the 4d characters of the yttrium atoms surroun
ing the vacancies. That is why we observe the bonding
tween yttrium 4d-like wave functions in Fig. 5. Moreove
we find that the appearance of bonding is rather differ
between theVS and theVO: While the bonding between
yttrium atoms adjacent to theVS looks weak, the strong hy
bridization of yttrium atoms adjacent to theVO is prominent.

FIG. 4. Single-electron levels in the energy gap induced by
oxygen and sulfur vacancies. The signed numbers stand for ch
states of the defects. Filled circles indicate electrons, and o
circles indicate holes.
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This comes from that the distance between the neighbo
yttrium atoms around theVO is much shorter than in the cas
of the VS, as we stated before. This strong hybridizati
between yttrium 4d-like wave functions in theVO can ex-
plain the larger energy gain due to relaxation of surround
atoms, the strong E-L coupling, and the resulting negativeU
character.

We have also found the small energy shift of the de
level of theVO when charge state of theVO changes from
Q50 to Q512: about 0.030 eV upon addition of one ele
tron to theVO. This small shift contrasts with the larger shi
of the deep level of theVS, 0.460 eV fromQ50 to Q5
11 and 0.178 eV fromQ511 to Q512. ~Here the values
of the energy shift are qualitatively meaning.! We can also
explain this small energy shift from the strong hybridizati
between the yttrium atoms. Addition of electrons to a de
level usually causes an upward shift of the deep level du
Coulomb repulsion. However, when the electrons added
cupies the ‘‘bonding’’ defect state, the deep level shi
downwards due to the stabilization of the orbital. The n
level shift upon filling electrons to the deep level depends
the competition between the above energies. In theVO, the
hybridization of Y 4d states is so strong that the upwa
energy shift becomes small.

C. Atomic and electronic structures of interstitial anions

We discuss the atomic and electronic structures of
interstitial atoms in this subsection. Here, we focus mai
on the interstitial anions, because interstitial yttrium atom
expected to play a less important role than the intersti
anions because of its substantially larger DFE’s~Fig. 2!.

First we examine the geometries around the intersti
anions. Schematic views around interstitial anions are sho
in Fig. 6. Positions of the interstitial anions remained at th
initial positions during geometry optimization. The geome
information is also given in Tables III and IV. In our prev
ous work, we compared the bond length and the sum of
corresponding Pauling’s ionic radii8 and confirmed that
shorter bond length than the ionic radii sum mean that
bond is likely covalent.7 We would like to stress that we ca
beforehand infer which kinds of bonds will appear arou
the interstitial anions to some extent with the help of t
ionic radii in this case also. In all the charge states of
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FIG. 5. Contour maps of wave functions of the defect levels
the oxygen and sulfur vacancies atG point; ~a! oxygen vacancy and
~b! sulfur vacancy. The subsequent contours represent the va
different to each other by a factor of 1.5.
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Oint , the distances between the interstitial O and the ne
boring Y atoms~ranging from 2.439 to 2.488 Å! are longer
than the sum of Pauling’s ionic radii of oxygen and yttriu
ions ~2.36 Å!. This suggests that the bond between the in
stitial oxygen and the neighboring yttrium atom is less co
lent. On the contrary, in all the charge states of theSint , the
distances between the interstitial sulfur and the neighbo
Y atoms~ranging from 2.593 to 2.733 Å! are shorter than the
sum of Pauling’s ionic radii of sulfur and yttrium~2.80 Å!.
This suggests that the hybridization between the interst
sulfur and the neighboring yttrium atoms is inevitably stron
This prospection is, in fact, supported by the relaxation
ergies from the ideal~initial! defect geometries to the fina
ones. When we compare the relaxation energy gain in neu
charge states, the energy gain in theOint case~1.05 eV! is
smaller than that in theSint ~1.44 eV!. It means that theOint
feels not so cramped space to occupy the interstitial sit
comparison to the other interstitial atom case.

Further, we have found interesting behaviors of the s
rounding yttrium atoms when the charge states of the in
stitial anions change; the more negatively charged the in
stitial anion defect becomes, the shorter the distan
between the interstitial anion and the neighboring yttriu
cations, and at the same time the longer the distance betw
the interstitial anion and the neighboring oxygen anions
come. At first sight, the direction of these displaceme
seems to be originate from the Coulombic interaction. Y
the magnitudes of the displacements of yttrium atoms
qualitatively different between theSint and theOint ; when
the charge state of the interstitial anion changes fromQ5

FIG. 6. Schematic views of atomic arrangements around~a! the
interstitial oxygen atom and~b! the interstitial sulfur atom.
h-

r-
-

g

al
.
-

ral

in

r-
r-
r-

es

en
-

s
t

re

12 to 22, the displacement of the yttrium atom inSint

~0.186 Å! is much larger than the one inOint ~0.049 Å!.
From this observation, strong E-L coupling is also expec
in theSint . This is in accord with the negative-U character in
the DFE diagram of theSint ~Fig. 2!. This difference can be
expected from the difference in the distance between the
terstitial atom and the surrounding yttrium atoms, as we
plained before.

Next, we examine single-electron levels in the band g
induced by the interstitial anions. It is found that they are
doubly degenerate in the gap~Fig. 7!; two electrons occupy
the levels in the neutral charged state of both theSint and
Oint . The Oint induce shallow acceptor levels, whereasSint
induce relatively deep levels. In addition, behaviors of t
electron levels are very different when the charge st
changes fromQ512 to Q522; the levels of theSint shift
downwards, whereas the levels of theOint shift upwards.
This may be due to strong covalency between the interst
sulfur and the neighboring yttrium atoms, as we have see
the VO case. The different characteristics between theOint
and theSint are understood by observing wave functions
the electron levels~Fig. 8!. We first notice the qualitative
differences of the bonding between theOint and theSint . In
the Oint structure, the wave function are composed of de
calizedp states of O and S atoms, which are in accord w
the shallow acceptor nature of theOint seen in Fig. 7. There
seems no covalency between theOint and the surrounding
yttrium atoms and oxygen atoms at the defect level. On
other hand, theSint induces relatively localized bondin
states with the adjacent Y atoms and antibonding states
the adjacent O atoms. As a result, the bonding character
tween theSint-p and the Y-d levels makes the defect leve
relatively deep in the gap. The strong hybridization arou
the interstitial sulfur atom can lead to the negative-U char-
acter of theSint .

IV. DISCUSSION

In this section, we try to give microscopic explanations
experimental results available, based on the calculated
sults. We discuss~1! the p-type photoconductivity unde
UV-light, ~2! long-lasting phosphorescence and energy s
age effects in Eu-doped oxysulfides, and~3! broad-band blue
fluorescence~around 355 and 440 nm! under electron beam
irradiation, as are explained in the Introduction.

Coexistence of shallow acceptor levels and deep lev
seems to be a key to explain the above experiments. Reg
ing the shallow acceptor levels that can explainp-type pho-
e

en,
TABLE III. The distances between the interstitial sulfur (Sint) site and the neighboring atoms in th
total-energy minimized interstitial sulfur. Superscripts stand for charge states of theSint . The distances in the
initial ~unrelaxed! configuration and sum of Pauling’s ionic radii are also shown in the columns ‘‘Sint

(init) ’’ and
‘‘ionic radii sum,’’ respectively. As for ionic radii, we adopted 0.96, 1.40, and 1.84 Å for yttrium, oxyg
and sulfur atoms, respectively. Units in Å .

Parameters Sint
(12) Sint

(11) Sint
(0) Sint

(21) Sint
(22) Sint

(init) Ionic radii sum

Sint-Y 2.733 2.678 2.633 2.591 2.547 2.593 2.80
Sint-O 2.260 2.357 2.418 2.472 2.531 2.324 3.24
Sint-S 3.326 3.313 3.256 3.321 3.343 3.263 3.68
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TABLE IV. The distances between the interstitial oxygen (Oint) site and the neighboring atoms in th
interstitial oxygen. Superscripts stand for charge states ofOint . The distances in the initial configuration an
sum of Pauling’s ionic radii are also shown in the columns ‘‘Oint

(init) ’’ and ‘‘ionic radii sum,’’ respectively. As
for ionic radii, we adopted 0.96, 1.40, and 1.84 Å for yttrium, oxygen, and sulfur atoms, respectively.
in Å .

Parameters Oint
(12) Oint

(11) Oint
(0) Oint

(21) Oint
(22) Oint

(init) Ionic radii sum

Oint-Y 2.488 2.484 2.477 2.463 2.439 2.593 2.36
Oint-O 2.430 2.437 2.441 2.454 2.466 2.324 2.80
Oint-S 3.271 3.272 3.256 3.292 3.304 3.263 3.24
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toconductivity under UV-light, we argue that theOint is the
most probable candidate, because it induces shallow le
and its DFE is the smallest in the all intrinsic defects
almost all range ofme . This shallow acceptor levels induce
by theOint may also be responsible for the persistent ph
phorescence and the energy storage effects.

Deep levels are certainly responsible for the broad-b
blue fluorescence. Since two peaks in the spectra~3.5 and 2.8
eV! are observed, we expect that more than one deep le
are related to the spectra. From the broadness of the spe
the transition between the deep levels and the shallow ac
tor levels may also be expected. Unfortunately, there h
been no experimental results to identify the deep levels
rectly. Based on our calculated DFE’s, we argue that theVO,
the VS, and theSint are the plausible candidates being r
sponsible for the deep levels. We also mention that theVS
can be detected by magnetic resonance experiments, be
there is a range of electron chemical potential where theVS
has an unpaired electron~Fig. 2!.34

We also mention broad-band yellow luminescence
served in Ca-doped (Y12x ,Gdx)2O2S by Kano.35 He specu-
lated that doped Ca12 cations may substitute Y13 and can be
shallow acceptors, which also induce anion vacancies
charge compensation as a whole system. In Kano’s orig
paper,35 he supposed that the Ca-acceptor levels cap
holes and produce the yellow luminescence due to recom
nation with ‘‘excited electrons,’’ which have a localize
character. The charge compensation mechanism is expe

FIG. 7. Single-electron levels in the energy gap induced by
interstitial oxygen and sulfur atoms. The signed numbers stand
charge states of the defects. Filled circles indicate electrons,
open circles indicate holes.
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from our DFE diagrams, because Ca-doping renders the e
tron chemical potential come closer to the valence-band
where the DFE’s of the anion vacancies~and the interstitial
sulfur! become smaller. Once the anion vacancy~or possibly
the interstitial sulfur! is formed, his picture of localized ‘‘ex-
cited electrons’’ are the deep levels of theVO and theVS ~or
the Sint); the wave functions of the anion vacancies and
interstitial sulfur are relatively localized, which come main
from the localized yttrium 4d orbitals. However, in order to
clarify his microscopic model, further experimental wor
and theoretical works should be necessary.

V. CONCLUSION

The electronic structure of point defects~vacancies and
interstitial atoms! in Y2O2S is investigated, based on th
pseudopotential-density-functional method in a supercell
ometry. We have found that the anion-related defects
abundant in real materials. Interstitial oxygen induces re
tively shallow acceptor levels, which are likely to be relat
to the p-type photoconductivity, and presumably persiste
phosphorescence and energy storage phenomena in
doped oxysulfides. An oxygen vacancy, a sulfur vacan
and an interstitial sulfur induce the deep levels in the ba
gap, which are responsible for the broad-band blue lumin
cence observed in nominally undoped yttrium oxysulfid
Further, negative-U behaviors are found in the oxygen va
cancy and the interstitial sulfur atom. When the charge s
of the oxygen vacancy changes, energy shift of the d
level is found to be small. These behaviors can be explai
from the viewpoint of ‘‘covalency’’ of the bonds, which
newly appear among the surrounding atoms or among

e
or
nd

FIG. 8. Contour maps of wave functions of the defect levels
the interstitial oxygen and sulfur atoms atG point; ~a! interstitial
oxygen and~b! interstitial sulfur. The subsequent contours repres
the values different to each other by a factor of 1.5.
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interstitial and the neighboring atoms. Especially, the idea
‘‘Pauling’s ionic radius’’ can help to predict the covalenc
between interstitial anions and the neighboring yttrium
oms.

In our previous work,7 we expected the different physica
and/or chemical properties between the oxygen vacancy
the sulfur vacancy. It is now clarified that the differences
due to the competition between covalency and ionic
around the defects. We could expect the similar defe
related properties in other oxysulfides, because they be
,

f

-

nd
e
y
t-
ng

to the same space group and are known to be chemic
similar systems.
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