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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 oxysulfidegD¢$) 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, negektigkaracters 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 mat¢6al163-182@09)03627-9

[. INTRODUCTION difference in ionicity between the sulfur and the oxygen at-
oms is also of interest.

Defects in semiconductors generally affect optical and In our previous worK,we have investigated the electronic
electronic properties of the host materials. In wide-gap semistructure of crystalline YO,S by first-principles total-energy
conductors that are mainly applied to blue or ultravioletelectronic-structure calculations. We have found thaD)S
light-emitting diodes, a variety of defect-related phenomenas an indirect-gap semiconductor and the band structure is
such as luminescence from deep levels, self-compensatioaybstantially anisotropic, which is in accord with the ob-
uniporality, and so on are certainly observed; “yellow lumi- served anisotropic character of its refractive index. We have
nescence” in GaN, for example, is supposed to be a transilso clarified that there is higher electron density around oxy-
tion from a shallow donor level to a deep acceptor levelgen atoms than around sulfur atoms, and that substantial co-
induced by gallium vacancy? Control of the defects is thus valency in Y-O bonds and less covalency in Y-S bonds co-
of principal importance in technology. In this respect, defectexist. The degree of the covalency is also understandable
formation energy(DFE) defined as energy cost to make a from the comparison between the bond length and the sum of
defect, has an important meaning. The DFE’s in wide-gaghe corresponding Pauling’s ionic radiFrom the chemical
semiconductors are sensitive to their charge states; DFE’s
may vary by the order of the wide-band gap upon electron
transfer to or from the Fermi level. Therefore, understanding
and, if possible, control of their intrinsic defects for a variety
of charge states are essential to exploit potentialities of wide-
gap materials. The aim of the present paper is to study the
electronic structure of intrinsic point defects for a variety of
charge states in yttrium oxysulfide §®,S), which is also a
wide-gap semiconductor.

Rare-earth oxysulfidesM,0,S with M =Y, and the lan-
thanides, space grolp3ml, Fig. 1) are known as wide-gap
(4.6—4.8 eV semiconductors.They have been utilized as
host materials for efficient phosphorescent use about a quar-
ter of a century. Especially, europium-activated ,©,S
emits bright red light under cathode-ray excitation and have - oxygen @mﬂf“r
been widely used for televisiong.From the scientific view-
points, the rare-earth oxysulfides are unique in their charac- FIG. 1. Crystal structure oM,0,S (M=Y and lanthanidgs
ters. The rare-earth atom usually contatherbitals as its  (trigonal, P3m1) Sizes of the atoms are shown according to Paul-
valence states so that unusual many fold hybridization isng’s ionic radii (Ref. 8; 0.96, 1.40, and 1.84 A for yttrium, oxy-
expected in oxysulfides. Electron transfer from the rare-earten, and sulfur atoms, respectively. Calculated lattice constants
atom to sulfur and oxygen atoms is also expected. Delicatandc are 3.750 and 6.525 A , respectively.
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difference between the O and the S atoms OYS, we  atomic and electronic structures and the energetics of intrin-
expect different properties between the sulfur and the oxyge#ic defects in yttrium oxysulfides. These types of calculations
vacancy in this material. Or more generally, the intrinsichave only recently been applied to the study of wide gap
point defects in ¥O,S are expected to have unique Charac_materlalsz.' _ We have calculated DFE’s of intrinsic de-
ters due to the competition between covalency and ionicity{€Cts for a variety of charge states: the oxygen vacaigy (
It is, therefore, interesting to investigate the intrinsic defectghe sulfur vacancy\(s), the yttrium vacancy\y), the inter-
in such an exotic system with first-principles methods. ~ Stitial oxygen atom Qjy), the interstitial sulfur atom %),
Some defects in the oxysulfides, in fact, have been supand the interstitial yttrium atomY(,). From the DFE’s, the
posed to play important roles in several interesting phenomconcentration of the amon-relateql defects are fqund to be
ena for a long time. To begin with, there are several indica/much lager and thus to play more important roles in physical
tions that intrinsic shallow acceptor levels exist in Phenomena than the yttrium-related defects. We have also
oxysulfides. Dobrov and Buchanan observed that rare-eargixplored induced single-electron energy levels in the band
element(Eu, Th, Nd doped lanthanum oxysulfides exhibited 9apP and ha_lve found thgt the anion vacancies and the intersti-
strong photoconductivity under ultraviolé)V) light.? The  tial sulfur induce relatively deep levels in the band gap,
gradual increase in the photoconductive response in the 250&hereas the interstitial oxygen does a shallow acceptor level.
300 nm region in all the samples suggests that the photocoVe. thus, expect that broad-band blue luminescence ob-
ductivity is associated with the host property of the lantha-S€rved in undoped yttrium oxysulfide stems from these deep
num oxysulfides. This photoconduction strongly increasedevels and that theD;,-induced shallow acceptor level is
with increasing temperature. This suggests that carrier lifet€sponsible for the hole photoconduction, the persistent
time is limited by traps. The majority of photocarriers havePhosphorescence and the energy-storage phenomenon. Fur-
been identified as holes by measuring the sign of the Hafher, we have also found that the oxygen vacancy, the inter-
photovoltage. The doped rare-earth ions are expected to hagéitial sulfur, and the interstitial yttrium have negatie-
the same charge state as Y ibh3) in the oxysulfides, i.e., characters: covalent bonds appearing around the defects play
isovalent impurities, so that the hole conduction have beeAn important role in this ionic host material.
speculated to come from shallow acceptor levels induced by The organization of the present paper is as follows: In
intrinsic defects of the oxysulfides. Sec. I, we present a brief explanation of the first-principle
As for phenomena presumably related to the shallow acband-structure calculations using normconserving pseudopo-
ceptor IEVE|S, we mention two examp]es; persistent phosphdentials and the definition of DFE, in Secs. Il and IV the
rescence and energy storage phenomena in Eu-doped oxysgp.lculated results and discussion are shown, respectively.
fides. It has been known that Eu-doped oxysulfides excite@€ction V concludes the paper.
by x-rays or cathode rays show phosphorescence that lasts
many minutes even at room temperature, whilé Etransi- Il. CALCULATION METHOD
tion (°D;—'F;) has a radiative lifetime no longer than a
few millisecondst® Further, an interesting energy-storage We perform total-energy electronic-structure calculations
phenomenon in oxysulfides has been observed by Forebgsed on density-functional theory with local-density ap-
et al* and Strucket al;*? energies used to excite the mate- proximation (LDA) combined with normconserving
rials can be stored for months in appropriate conditi@ng., PseudopotentialS.~** Troullier-Martins-type normconserv-
below 200 K in La0,S), and then be released as Eu radia-ing pseudopotentiald are generated to simulate nuclei and
tive transitions either by infraredR) or thermal stimulation. core electrons, where we use fully separable Kleinman-
Struck and Fonger proposed that both the persistent pho&ylander-type pseudopotentidYttrium pseudopotential is
phorescence and the energy storage are related to shall@@nerated from an atomic configuratiors*8d*5p°® with
acceptor levels: i.e., the excited Eulevel, charge-transfer core radii of 3.11, 3.47, and 2.07 a.u. for thep, andd
state, becomes Eti plus a free hole; the hole is trapped at components, respectively. The sulfur pseudopotential is gen-
the shallow level; upon IR or thermal excitation, the hole iserated from the atomic configuratiors®p*3d°® with core
now released from the level; the resultant free hole subseiadii of 1.54, 1.78, and 1.78 a.u. for tisep, andd compo-
quently recombine with Eii and then the radiative transi- nents, respectively. For the oxygen pseudopotential, the con-
tion in E®* ion occurst? figuration of 222p* with core radii of 1.41 and 1.41 a.u. for
Moreover, defect-related luminescence is also observedhe s and p components, respectively, is used. Interaction
Especially, Yamamotet al. found broad blue luminescence @mong valence electrons are treated within the LDA: we use
bands with peaks at around 355 and 440806 and 2.8 eV, the exchange-correlation functional of Ceperley and Afier
respectively at 80 K in undoped YO,S2!® Considering its as parameterized by Perdew and Zurf§ewe have found
band-gap valugaround 4.6 eY, we speculate that deep lev- that the calculated equilibrium volume and internal coordi-
els play important roles in this phenomena. The similaritynates of atoms agree well with experimental results even
with the yellow luminescence in-type GaN may be inter- without partial-core correctioh;the calculated lattice con-
esting. stantsa and ¢ are 3.750 and 6.52A , respectively; atom
In spite of all these experimental efforts, no microscopicpositions in Y%,0,S using the lattice vector unit are
identification has been achieved for various defect levels in-(0.333,0.667,0.282) for  two yttrium atoms,
Y,0,S. No theoretical studies have been ever tried to pro=(0.333,0.667,0.631) for two oxygen atoms, &0¢D,0 for
pose plausible microscopic models for the above phenoma sulfur atom. These calculated parameters agree well with
ena. the experimental ones within 1% errors. Further detailed ac-
In this paper, we report the firstb initio calculations of  counts can be found in our previous wdrk.
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For a variety of charge states of defects, we calculate total
ground-state energies and atomic forces, se@netajstable
atomic geometries, and then obtain electronic structures in
the resultingimetajstable atomic geometries. A point defect
in an otherwise perfect crystal is simulated by a supercell
that contains 40 lattice sites X 2ax 2¢);?’ the lattice con-
stants,a andc, are set to be the above theoretical values. In
the case of the vacancy, we make its initial geometry by just
removing an atom from the supercell. In the case of the
interstitial atom, we put an interstitial atom at the midpoint
between two sulfur atoms alorgaxis for initial geometry;
from the Pauling’s ionic radiiof the atomgsee Fig. J, this
site has the widest space in which the interstitial atoms could e _ . E
occupy. We then optimize eadlcharged)defect geometry v b, (chemical potential)
by minimizing its total energy without any assumptions of
geometrical symmetry. Wave functions and thus charge den- FIG. 2. Defect formation energi€DFE’s) for O- (Vy), S- (Vg),
sities are expanded in terms of plane-wave basis set. Thand Y- (Vy) vacancies and for interstitial Q.), S (S, and Y
cutoff energy of the plane-wave basis set is 59 Ry, which i{Yix). The chemical potentials are set hyy,o,s=2uy+2u0
adequate for obtaining converged results in theserus,2uo=po, and 2us=us, Ey andEc stand for the top of
calculations® T'-point sampling is used for the Brillouin valence bands and the bottom of conduction bands in our calcula-
zone integration; the geometries optimized with th@oint  tion, respectively. The calculated band gap is 2.61 eV in our previ-
sampling remain unchanged when we use the three specialis work. The signed numbers stand for the charge states of the
k-point sampling?® The related error of the total-energy dif- defects.
ference is also estimated to be less than 0.5 eV. This value is

sufficiently smaller than the DFE difference among the in'energy of the spin-unpolarized,©S,) molecule® This set-
trinsic defects that we will discuss later. The conjugate grating of the chemical potentials corresponds to a situation in
dient minimization techniqf is employed to minimize the which Y,0,S is exposed to the atmosphere of énd S

total energy with respect to both electronic and ionic degreeauring the growth. We think that this setting is quite
of freedom. In the resultingmetajstable geometries, the 8oractical?1

force acting on each atom is less than, typically, 0.008  \yg here add a comment on the technique in dealing with
Ry/A. The formation energi(Q) of a point defect related charge states. In the calculation for the charge sfatan
to the atom species(= Y, O, §) in Y;0,S with the charge niform background charge with opposite sign is distributed
stateQ(=0,£1,%2,...) isdefined as to keep neutrality of the whole systefthis prescription pre-
_ Q vents the divergence in the calculated total enejgiesthis
Ei(Q)=AEe(Q) > pit Qluet ), @D calculation, the total energi,(Q) is underestimated be-
where in the plus-minus sign the corresponds to a vacancy cause of the fictitious attractive interaction between the back-
and the— to an interstitial atom, angk, and u; are the ground charge and the excess cha@gewhile the total en-
electron chemical potential and the atom chemical potentialergy E;,(0) in a noncharged system is well defined. In order
respectively. Here,Q conventionally corresponds to the to correct this underestimation, we estimate the total energy
number of electrons transferred from the defect to a reservonf the charged states according to the “Slater’s transition-
of electrons, and\E,(Q) is the total energy difference be- state theory.3?
tween the supercell containing the defect with the charge
state Q and the perfect crystal supercell, i.e5;(Q)
—Egys. The zero ofu, is defined as the top of valence-band ll. RESULTS
energyEf,g of the defect supercell with the charge st@eln
this definition, the DFE has the meaning of energy cost to ] ] o
make an point defect in the crystal. _In this section we present palculated DFE’s of intrinsic
As expressed above, the formation energy depends on toint defects in ¥O,S for a variety of charge state_s. Figure
charge state, the Fermi levek), and on the atomic chemi- 2 shows DFE’s as a function of the electron chemical poten-
cal potentialy; (i=Y,0,S). Theu, is determined by dop- tial in the cr_:llc_:ulated energy gap oh®,S (2.6_1 e\). As for
ing conditions and is also related to concentrations of otheyacancies, itis found that the sulfur vacangyis lower than
defects and to the number of externally injected carriers. Iih€ oxygen vacancy in formation energy at any position
this paper, we simply regard it as an external parameter. Thef the electron.chemlcal potenhal in t.he energy gap, an_d that
w: is generally determined by an equilibrium condition andthe DFE of yttrium vacancy/y is the highest. The formation

kinetic hindrances in growth processes. The equilibrium conenergies of the/s and theV,, for their neutral charge states
dition leads to are 3.51 and 5.93 eV, respectivéfyThis difference is un-

derstandable from the difference in properties between the
My,0,5= 21y +2u0t s, (2.2 Y-O bond and the Y-S bond in crystalline,®,S: It has
been clarified that the Y-O bond is more covalent than the
where uy 0,5 is the chemical potential of Y0,S. In this  vy.S bond. This strength difference between the Y-O bond
paper, we adopt thety (us) to be one half of the total and the Y-S bond presumably leads to the difference be-

—_
(4,1

-
o

o

defect formation energy (eV)
(7]

'
(3,

A. Energetics of defects from DFE diagram
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TABLE I. The distances between the sulfur vacan®g)( site
and the neighboring atoms in the total-energy minimized sulfur va-
cancy. Superscripts stand for charge states o¥/theThe distances
in the initial (unrelaxed configuration are also shown in the column
“vdM > Units in A .

(b)

Parameter vo ViSe VSE) v

VgY 2.836 2.889 2.928 2.834
V5O 3.213 3.172 3.089 3.231

"ytmum We discuss the atomic and electronic structures of the
vacancies in this subsection. Here, we focus mainly on the
FIG. 3. Schematic views of atomic arrangements ardanthe  anion vacancies for the reason stated in the previous subsec-
oxygen vacancy antb) the sulfur vacancy. tion.
We first examine the atomic structures around the anion
vacancies. Schematic views around the anion vacancies are

tween their DFE’s. Compared with these anion vacanciesshown in Fig. 3. The geometry information is also given in
the DFE ofVy is much larger. This is because one Y atom in Tables I and II. In the total-energy minimized neutral vacan-
Y,0,S forms four bonds with neighboring O atoms and_ci(_a_s, the displacements of _the(or)1eighboring atom_s f(r(gm the
three bonds with the neighboring S atoms. We, thus, reasoiitial (unrelaxed geometry inVy® are larger than in/s™.
ably expect that the concentration\é§ is much smaller than SuPsequently, the ey 9amn due to the relaxation of the
those of the O and S vacanci¥aVioreover, we find that the Surrounding atoms 0¥ is 0.37 eV, WhIC.hOI)S much larger
Vo is the negatived system. In Fig. 2, it is clear that the,  than the corresponding value 0.07 ev% - These are
with the singly positive charge stath’g 1)) is metastable at explained from the viewpoint of the atomic structures of the
o . A u(+2) (0) ; two vacancies; in the neutral state, the distances between the
any position ofu, in the energy gap. Eithér,  or Vo is yttrium atoms adjacent t¢{) are 3.758 and 3.893 A, much
the most stable form of th¥,. (Here, the superscripts de- shorter than the counter Oarts in .S vacar@ﬁ;é?Z /39.' the
pict the charge stateThis is again due to the strong cova- . -1 (0) P : ’
lency and the resulting electron-lattiog-L) interaction Y-¥ distances |nVo are anger than the dlstance§ between
around thevo. We will return to this point later the nearest neighbor yttrium atoms in hcp yttrium metal
o o L .. (3.555,3.645 A only by 3%; this means that the strong hy-
As for interstitial atoms, it is found that the interstitial ( Aonly by 3% gy

) bridization between the yttrium atoms takes place in\the
atoms has a variety of charge sta®@sr —2, —1,0,+1,0r ¢ this respect, the reconstruction of thg, i.e., the

+2 for the oxygen interstitiaDj,, Q=—2 or +2 for the  yyriym-yttrium rebonding around th¥, is stronger than

sulfur interstitial Sy, andQ=+3, 0, or—1 for the yttrium  that of theVs. Further, we have found that the variation of

interstitial Yin, (the Q=—1,0, and+1 states forOj, are  the displacements of the neighboring atoms as a function of

stable in an extremely small region of, in Fig. 2. The  the charge state is larger in tNg than in theVs: When the

formation energy of theD;, is the lowest: the calculated charge state o¥g changed fromQ=0 to Q= +2, the dis-

DFE’s for the neutral charge state are 1.36 eVagy;, 5.47  placement of yttrium atom adjacent to tkigis 0.02 A ; on

eV for Sy, and 11.34 eV forY,,, respectively. The much the other hand, the corresponding displacement invigés

larger DFE ofY,, than the others seems to come from thelarger(0.178 A). This larger displacement in thé, implies

fact that the bond lengths betwe#¥f,, and the surrounding the strong E-L coupling.

yttrium atoms(from 2.720 A forQ=—1 to 2.878 A for Figure 4 shows the calculated single electron levels in the

Q= +3) are 24% shorter than the ones in hcp yttrium metagnergy gap. Occupancy levels that are measured in experi-

(3.555,3.645 A The difference of DFE’s betweed;,, and ments are the total energy differences between different

S, Will be explained later from the bonding around the in- charge states. It is also known that to identify a difference in

terstitial atoms. Again, theS;; and the Y,, are the

negativel) system in the sense that intermediate charge TABLE Il. The distances between the oxygen vacanéy)(site

states are metastable at any position of the Fermi lgyel and the neighboring atoms in the total-energy minimized oxygen

This finding also indicates the strong hybridization and the/acancy. Superscripts stand for gharge_ states oth;leThe dis-

resulting E-L interaction around the interstitial atoms. tance“s 'Qng‘?, initialunrelaxed configuration are shown in the col-
From the calculated DFE’s, th®;,, and possibly thé/g umn “Vg . Dlstar_wce_s between yttrium atoms that surroiig

are the most abundant intrinsic point defects §0YS. Even ~ 2'€ @lSo shown. Units in A.

if we consider the ambiguity of the chemical potentials of

B. Atomic and electronic structures of anion vacancies
: oxygen : sulfur

0 +1 +2 init
atomic species, concentrations of thlg and theY,, are Parameter v Vo™ Vo™ ve"
likely to be much smaller than that of other intrinsic v,y 2.426,2.323 2.518,2.335 2.604,2.363 2.235,2.277
defects® We, thus, safely exclude the possibility thdt VoS 3.188 3.152 3.106 3.231
andY;y, play roles in explaining the defect-related phenom-y.y 3.758,3.893 3.855,3.904 3.964,3.938 3.591,3.744

ena, which we have mentioned in the Introduction.
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_ FIG. 5. Contour maps of wave functions of the defect levels for

the oxygen and sulfur vacancieslapoint; (a) oxygen vacancy and
(b) sulfur vacancy. The subsequent contours represent the values

FIG. 4. Single-electron levels in the energy gap induced by thediﬂerent to each other by a factor of 1.5.

oxygen and sulfur vacancies. The signed numbers stand for chargf . . . .
states of the defects. Filled circles indicate electrons, and ope h'_s comes from that the QIstance between the_ neighboring
circles indicate holes. yttrium atoms around th¥g is much shorter than in the case

of the Vg, as we stated before. This strong hybridization

. . ... between yttrium 4-like wave functions in thé/q can ex-
single electron levels obtained by the LDA. as an excitation, i, he larger energy gain due to relaxation of surrounding
energy of the system causes a substantial error: e.g., t oms, the strong E-L coupling, and the resulting negdtive-
present LDA calculation gives 2.61 eV for the energy gap o harac;ter '

Y,0,S, which is considerably smaller than the experimentaF .

» . We have also found the small energy shift of the deep
gap (~4.6 eV). The positions of the levels induced by the level of theVy when charge state of thé, changes from

defects in this subsection are thus of qualitative meaning. W‘ézo to Q= +2: about 0.030 eV upon addition of one elec-
can |Qent|fy the charactgr Qf each level by _analyzmg IS wave, 1o theVy. This small shift contrasts with the larger shift
function, and the analysis is useful to obtain chemical picture ", deep level of th&/s, 0.460 eV fromQ=0 to Q=

of the deep levels, however.
) S . +1 and 0.178 eV fronQ= +1 to Q= + 2. (Here the values
. V\Ile If'rStI UOtt'ﬁe that the/s ar:d \t/ho _each tm?uche a detep; of the energy shift are qualitatively meanipgVe can also
tsmg el e\t/e In the ener?g glap. In Thel'r nehu ral c tartge st %Sexplain this small energy shift from the strong hybridization
Wo electrons occupy he level. Their charge state can Banyveen the yttrium atoms. Addition of electrons to a deep

cEangedt utp t\i/'Q: 4\;2 as we St?jte(: above. Tr?? +§ level usually causes an upward shift of the deep level due to
charge state o¥o (Vg) corresponds to a removal of a dou- Coulomb repulsion. However, when the electrons added oc-

bly negatively charged oxygegsulfun _anion from _the per- cupies the “bonding” defect state, the deep level shifts
fe?t prylsta(;. OQI thde other hanrclj,l}/ve find that t\ihe mldu_cei downwards due to the stabilization of the orbital. The net
relatively (doubly degenerajeshallow acceptor levels in the o) shift upon filling electrons to the deep level depends on

gap. The degenerate levels are fully occupied in e the competition between the above energies. Invge the

—3 charge state. ThiQ=—3 charge state of they corre- hybridization of Y 4l states is so strong that the upward
sponds to a removal of a triply positively charged yttrium energy shift becomes small

cation from the crystal. These are in accord with a notion
that Y,0,S is formally composed of ¥3 cations, O? an-
ions, and S2 anions.

Wave functions of the deep levels induced by theand We discuss the atomic and electronic structures of the
the Vg manifest their characteristics clearly. Figure 5 showsnterstitial atoms in this subsection. Here, we focus mainly
the wave functions of the deep levels induced by the anioon the interstitial anions, because interstitial yttrium atom is
vacancies. Both in th¥ and in theVs, we find substantial expected to play a less important role than the interstitial
amplitudes of wave functions between yttrium atoms neigh-anions because of its substantially larger DFEg). 2).
boring to the vacancy. In the host 0£,®,S, approximately First we examine the geometries around the interstitial
two electrons are transferred to an (S) atom from sur- anions. Schematic views around interstitial anions are shown
rounding four(six) yttrium atoms. Thus, removing one ) in Fig. 6. Positions of the interstitial anions remained at their
atom leaves two electrons behind and the electrons occupitial positions during geometry optimization. The geometry
the deep level. The deep level induced by e or Vo  information is also given in Tables Il and IV. In our previ-
consists of the @ characters of the yttrium atoms surround- ous work, we compared the bond length and the sum of the
ing the vacancies. That is why we observe the bonding becorresponding Pauling’s ionic rafliiand confirmed that
tween yttrium 4l-like wave functions in Fig. 5. Moreover shorter bond length than the ionic radii sum mean that the
we find that the appearance of bonding is rather differenbond is likely covalenf.We would like to stress that we can
between theVs and theVg: While the bonding between beforehand infer which kinds of bonds will appear around
yttrium atoms adjacent to thés looks weak, the strong hy- the interstitial anions to some extent with the help of the
bridization of yttrium atoms adjacent to thg, is prominent.  ionic radii in this case also. In all the charge states of the

C. Atomic and electronic structures of interstitial anions
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(b)

' : yttrium : oxygen @ 2 sulfur

FIG. 6. Schematic views of atomic arrangements ardanthe
interstitial oxygen atom an¢b) the interstitial sulfur atom.

Oint, the distances between the interstitial O and the neig
boring Y atoms(ranging from 2.439 to 2.488 YAare longer

than the sum of Pauling’s ionic radii of oxygen and yttrium
ions (2.36 A). This suggests that the bond between the inter
stitial oxygen and the neighboring yttrium atom is less COVaine O

lent. On the contrary, in all the charge states of 8¢, the

distances between the interstitial sulfur and the neighborin

Y atoms(ranging from 2.593 to 2.733 Jfare shorter than the
sum of Pauling’s ionic radii of sulfur and yttriurt2.80 A).
This suggests that the hybridization between the interstiti

sulfur and the neighboring yttrium atoms is inevitably strong.
This prospection is, in fact, supported by the relaxation en

ergies from the idea(initial) defect geometries to the final

ones. When we compare the relaxation energy gain in neutr?

charge states, the energy gain in tbg; case(1.05 eV is
smaller than that in th&;,; (1.44 e\). It means that th®;,,
feels not so cramped space to occupy the interstitial site
comparison to the other interstitial atom case.

Further, we have found interesting behaviors of the sur-
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+2 to —2, the displacement of the yttrium atom B,
(0.186 A is much larger than the one i@;, (0.049 A).
From this observation, strong E-L coupling is also expected
in theS;,;. This is in accord with the negativd-character in

the DFE diagram of th&,,; (Fig. 2). This difference can be
expected from the difference in the distance between the in-
terstitial atom and the surrounding yttrium atoms, as we ex-
plained before.

Next, we examine single-electron levels in the band gap
induced by the interstitial anions. It is found that they are all
doubly degenerate in the gdbig. 7); two electrons occupy
the levels in the neutral charged state of both $g and
Oint- The Oy induce shallow acceptor levels, wheregg
induce relatively deep levels. In addition, behaviors of the
electron levels are very different when the charge state
changes fronQ= +2 to Q= —2; the levels of the&5,,; shift
downwards, whereas the levels of tkikg, shift upwards.
This may be due to strong covalency between the interstitial
sulfur and the neighboring yttrium atoms, as we have seen in

hthe Vo case. The different characteristics between @hg
and theS,,; are understood by observing wave functions of
the electron levelgFig. 8). We first notice the qualitative
differences of the bonding between tBg,, and theS;,. In
int Structure, the wave function are composed of delo-
calizedp states of O and S atoms, which are in accord with
%he shallow acceptor nature of tiis,, seen in Fig. 7. There
seems no covalency between tbe, and the surrounding
ttrium atoms and oxygen atoms at the defect level. On the
ther hand, theS,, induces relatively localized bonding
states with the adjacent Y atoms and antibonding states with
the adjacent O atoms. As a result, the bonding character be-
tween theS;,-p and the Yd levels makes the defect level
latively deep in the gap. The strong hybridization around
the interstitial sulfur atom can lead to the negativeshar-

ir?Cter of theS;,;.

IV. DISCUSSION

rounding yttrium atoms when the charge states of the inter-
stitial anions change; the more negatively charged the inter- In this section, we try to give microscopic explanations of

stitial anion defect becomes, the shorter the distanc

eaxperimental results available, based on the calculated re-

between the interstitial anion and the neighboring yttriumsults. We discusg1) the p-type photoconductivity under
cations, and at the same time the longer the distance betweé&h/-light, (2) long-lasting phosphorescence and energy stor-
the interstitial anion and the neighboring oxygen anions beage effects in Eu-doped oxysulfides, aBtbroad-band blue
come. At first sight, the direction of these displacementdluorescencdéaround 355 and 440 nnunder electron beam
seems to be originate from the Coulombic interaction. Yetrradiation, as are explained in the Introduction.

the magnitudes of the displacements of yttrium atoms are Coexistence of shallow acceptor levels and deep levels

qualitatively different between th§,,; and theO,,;; when
the charge state of the interstitial anion changes f@m

seems to be a key to explain the above experiments. Regard-
ing the shallow acceptor levels that can explgitype pho-

TABLE Ill. The distances between the interstitial sulfus,f) site and the neighboring atoms in the
total-energy minimized interstitial sulfur. Superscripts stand for charge states §fth&he distances in the
initial (unrelaxed configuration and sum of Pauling’s ionic radii are also shown in the colurﬂﬁgn“ and
“jonic radii sum,” respectively. As for ionic radii, we adopted 0.96, 1.40, and 1.84 A for yttrium, oxygen,

and sulfur atoms, respectively. Units in A .

Parameters Si? sy S© S Si? S lonic radii sum
SineY 2.733 2.678 2.633 2.501 2.547 2.593 2.80
Sini-O 2.260 2.357 2.418 2.472 2.531 2.324 3.24
S-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 oxyged, ) site and the neighboring atoms in the
interstitial oxygen. Superscripts stand for charge staté3;pf The distances in the initial configuration and
sum of Pauling’s ionic radii are also shown in the columi@{"¥" and “jonic radii sum,” respectively. As
for ionic radii, we adopted 0.96, 1.40, and 1.84 A for yttrium, oxygen, and sulfur atoms, respectively. Units

inA .

Parameters ofr2 o+ o{® ol Y of? ofmnn lonic radii sum
O, Y 2488 2484 2477 2463 2439 2593 236
Oin-O 2.430 2.437 2.441 2.454 2.466 2.324 2.80
Oine-S 3.271 3.272 3.256 3.292 3.304 3.263 3.24

toconductivity under UV-light, we argue that ti@,, is the  from our DFE diagrams, because Ca-doping renders the elec-
most probable candidate, because it induces shallow levelgon chemical potential come closer to the valence-band top
and its DFE is the smallest in the all intrinsic defects inwhere the DFE’s of the anion vacanci@d the interstitial
almost all range of... This shallow acceptor levels induced sulfur) become smaller. Once the anion vacatmypossibly
by the Oy may also be responsib|e for the persistent phosihe interstitial sulfuy is formed, his picture of localized “ex-
phorescence and the energy storage effects. cited electrons” are the deep levels of ttig and theVg (or
Deep levels are certainly responsible for the broad-banéhe Si); the wave functions of the anion vacancies and the
blue fluorescence. Since two peaks in the spé@tfaand 2.8  interstitial sulfur are relatively localized, which come mainly
eV) are observed, we expect that more than one deep levefgom the localized yttrium d orbitals. However, in order to
are related to the spectra. From the broadness of the spectgirify his microscopic model, further experimental works
the transition between the deep levels and the shallow accepnd theoretical works should be necessary.
tor levels may also be expected. Unfortunately, there have
been no experimental results to identify the deep levels di- V. CONCLUSION
rectly. Based on our calculated DFE’s, we argue thaMbe
the Vg, and theS;, are the plausible candidates being re-
sponsible for the deep levels. We also mention that\tge
can be detected by magnetic resonance experiments, beca
there is a range of electron chemical potential whereuvthe
has an unpaired electrafig. 2).3*
We also mention broad-band yellow luminescence o

The electronic structure of point defedigacancies and
interstitial atom$ in Y,0,S is investigated, based on the
@gudopotential-density-functional method in a supercell ge-
ometry. We have found that the anion-related defects are
abundant in real materials. Interstitial oxygen induces rela-
b_tively shallow acceptor levels, which are likely to be related

; ) 35 _ to the p-type photoconductivity, and presumably persistent
served in Ca-doped (i¥ x,Gd,),0,S by Kano:* He specu phosphorescence and energy storage phenomena in Eu-

lated that doped C# cations may substitute % and can be oped oxveulfides. An oxvaen vacancy. a sulfur vacanc
shallow acceptors, which also induce anion vacancies fo?j P Y ) Y9 Y Y,

charge compensation as a whole system. In Kano’s originaafnd an interstitial sulfur induce the deep levels in the band
paper’® he supposed that the Ca-accep;tor levels capturgap’ which are responsible for the broad-band blue lumines-

holes and produce the yellow luminescence due to recomb —lej?t(;]eero?]‘c’eergﬁgejnbgﬁgig?!yafen?ggﬁg i%/tttr;]imofxy‘:#lcg?'
nation with “excited electrons,” which have a localized » Neg Y9

character. The charge compensation mechanism is expectS?nCy and the interstitial sulfur atom. When the charge state
Of the oxygen vacancy changes, energy shift of the deep

level is found to be small. These behaviors can be explained

from the viewpoint of “covalency” of the bonds, which
E newly appear among the surrounding atoms or among the
[

(@) (b)
Oint S int SmSmS S S S
Y Y@
) § (o)
(Sint?

% © @Y @®Y©
_a_ 8’ Q— %— S 080 S

8 "o "o

Q) (o]
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FIG. 7. Single-electron levels in the energy gap induced by the FIG. 8. Contour maps of wave functions of the defect levels for
interstitial oxygen and sulfur atoms. The signed numbers stand fothe interstitial oxygen and sulfur atoms Btpoint; (a) interstitial
charge states of the defects. Filled circles indicate electrons, anoygen andb) interstitial sulfur. The subsequent contours represent
open circles indicate holes. the values different to each other by a factor of 1.5.
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interstitial and the neighboring atoms. Especially, the idea ofo the same space group and are known to be chemically

“Pauling’s ionic radius” can help to predict the covalency

similar systems.

between interstitial anions and the neighboring yttrium at-

oms.
In our previous worK,we expected the different physical
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