ISSN 1027-5495. Functional Materials, 22, No.4 (2015), p. 440-445.
doi:http://dx.doi.org/10.15407/fm22.04.440 © 2015 — STC "Institute for Single Crystals”

Origin of intrinsic luminescence in oxide crystals
containing Bi cations and XO, (X=P, Mo, W)
molecular anionic groups

Yu.A.Hizhnyi

T. Shevchenko National University of Kyiv,
64 Volodymyrska St., 01601 Kyiv, Ukraine

Received October 2, 2015

Intrinsic photoluminescence (PL) of BiPO,, K;Biz(PO,)s, K,Bi(PO,)(MoO,), KBi(McO,),,
K5Bi(M0O,),, K,Bi(PO,)(WQ,) and K 5Bi, ;W,P504, crystals is studied in 2.8-14 eV range
of excitation photon energies. The electronic band structures of the crystals are calculated
by the Full-Potential Linear Augmented Plane Wave Method. Origin of intrinsic lumines-
cence in studied compounds is analyzed on the ground of obtained experimental and
computational results. It is found that PL emission components of BiPO,, K;Big(PO,)s,
K,Bi(PO,)(MoQ,)) and KBi(MoQ,), in the violet-green spectral region are related to radia-
tive transitions in Bi®* ions. The red PL components of K,Bi(PO,)(MoQ,), KBi(MoO,), and
K5Bi(MoO,), have MOO42‘-re1ated origin. The red PL component of K,Bi(PO,)(WO,) lumi-
nescence is presumably related to the molybdenum impurities. The intrinsic PL emission
band of Kg Bi, sW,PgO5, is probably not related to Bid* ions.

Keywords: luminescence, bismuth, oxide crystal, electronic structure.

IIpoBenensl wmcclemoBaHWA COOCTBEHHOHM  JIIOMHMHeCHeHIMH KpucraiiaoB BiPO,,
K3Bis(POy)g, K;Bi(PO,4)(M0O,), KBi(MoO,),, KsBi(MoO,),, K,Bi(PO,)(WO,) u K; 5Bi, ;\W,Ps04,
B obJylacTm sHepruii Bo30y:Kaaioliero cseta 2,8—14 eB. DJeKTpoHHAasA CTPYKTypa Hccaenye-
MBIX KPUCTAJIJIOB PACCUUTAHA TOJHOMOTEHIMATBHBIM JUHEAPU30BAHHBIM METOJOM IPUCOeIU-
HeHHBIX TIocKuX BoaH (FP-LAPW). Ha ocHOBe pe3yJbTaTOB SKCHEPUMEHTAJIBHBIX UCCIEN0-
BAHUHM U TEOPeTUUECKUX PACUETOB IMPOAHAJN3WPOBAHA TPUPOLA COOCTBEHHOM JIOMUHECIeH-
UK MCCIeAyeMBIX KPHUCTAJJIOB. ¥CTAHOBJIEHO, UTO KOMIIOHEHTHI JoMuHecrennuu BiPO,,
K3Big(POy,)g, KyBi(PO,)(MoO,) u KBi(MoO,),, xapakTepusyomiuecd MaKCUMyMaM#u B (uoJe-
TOBO-3€JI€HOI OGJACTH CIIEKTPA, CBASAHBI ¢ HSIyYATEIbHBLIMH IIepexXolaMu B MOHAX Bio*.
IMonocer momunuectennun K,Bi(PO,)(MoQ,), KBi(MoO,), u K;Bi(McO,),, MakcumyMsr KoTo-
PBIX DACIOJIOJKEHBI B KPAacHOU o00/JacTu chexTpa, cQOPMUPOBAHBI MEPeXOoJaMu B MoO42‘
rpynnax. Kpacraa monoca momuaecnenmun K,Bi(PO,)(WO,), npesmonomxurensHo, CBA3AHA C
CYIIIECTBOBAHNEM B 9TUX KPUCTAJIIaX IIpuMeceil MmoaubmeHa. JIIOMUHECIIEHTHOE CBeueHHe
Kg 5Biy sW,PgO3, croOpee Bcero He cBA3AHO ¢ IEPeXojaMH B MOHAX Bi3*.

IIpupona BaacHol aoMiHecmeHmii OKCHMAHHX KpucraniB, mo mictars kKatiomnm Bi Ta
monekynsapui amionni rpymu XO, (X = P, Mo, W). IOA. Xuscnuii.

IIposeseno pociigsxenHsa BiacHOi /miomimecnennii xpuctarnis BiPO,, K;Big(PO,)g,
K,Bi(PO,)(MoQ,), KBi(MoO,),, KsBi(M0Q,),, K,Bi(PO)WO,) ta K; sBi, ;\W,Pz05, B obracri
eHepriit 30ymKyouoro ceitaa 2,8—14 eB. IIpoBemeHO pPO3paxyHKU eJEKTPOHHOI CTPYKTYpPH
KPUCTANIB TOBHOTIOTEHIIaJBLHUM JiHeapu30BaHUM METOJAOM TPUETHAHUX TJIOCKUX XBUJb
(FP-LAPW). 3a pesyJabTaTaMM eKCIEPUMEHTANLHUX Ta PO3PAXYHKOBUX [JOCHIMKEHL IIPO-
aHaJIIB0BAHO TTPUPOAY BJIACHOI JIIOMiHECIIEHITI1 TOCHiyKeHNX CHONyK. BecTaHOBIEHO, MO KOM-
norerT nomirecnennii BiPO,, K;Big(PO,)s, K,Bi(PO,)(MoO,) ta KBi(MoO,),, axi mamors
MagcuMyMu y (iosieToBo-seseHil cueKTpasbHIN minaHii, caim moe’asyBaTu i3 BUIIPOMIiHIO-
BAJIbHUMU IlepexofamMu B ionax Bi®*. Cmyru arominecnenii K,Bi(PO4)(MoO,), KBi(MoO,), Ta
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KsBi(MoO,),, MakcuMyMyu AKMX POSTAIIOBAHI y UepBOHiNl Ainammi cmexTpa, cdopmoami
nepexojaMu B MOO42‘ rpynax. Yepeora cmyra mominecumennii K,Bi(PO,)(WO,) imosipro
noB’A3aHA 3 ICHYBaHHAM y IMX KpUcTaJax AoMimmor mouai6aeny. JlrominecnenTHe cBiueHHSA
Kg 5Biy sW,PgO3, cropimn sa Bce He moB’AsaHe 3 mepexojaMu B ioHax Bid*.

1. Introduction

Bismuth-containing compounds can be
easily doped with rare-earth (RE) ions since
Bi3* ionic radius is close to ionic radii of the
lanthanides. For this reason, oxide crystals
with bismuth cations are intensively studied
at present as perspective hosts for lumines-
cent RE3* ions [1-6]. However in most cases
of these studies, intrinsic luminescence of
the undoped hosts was not analyzed. At pre-
sent, origin of intrinsic luminescence and
mechanisms of the excitation energy trans-
fer in Bi-containing phosphate, molybdate
and tungstate crystals are topical questions.
In this paper, the origin of intrinsic PL
processes in set of Bi-containing oxide hosts
is analyzed in complex experimental and
computational studies.

Intrinsic PL properties and electronic struec-
tures of Bi-containing oxide crystals were ana-
lyzed in our recent papers. BiPO,, K3Bis(POy)g,
K5Bi(PO4)(MoO,), K5Bi(PO4)(WO,) and
KsBi(M0QO,), crystals were studied in [7, 8],
KBi(MoOy,), in [9] and KggBi; sW,PgO03, in
[10]. In this work, we present comparative
analysis of the PL properties and the elec-
tronic structures of all mentioned above
compounds, thus generalizing our infer-
ences on the origin of intrinsic lumines-
cence in Bi-containing oxide hosts.

2. Experimental and calculation

details
Polycrystalline powders of BiPO,,
K3Bi5(POy)g, K5Bi(PO4)(MoO,) and

KsBi(M0QO,), were prepared from K,0-P,05—
Bi;O3—-M0oO; molten system (see details in
[11, 12]). Polycrystalline samples of
KBi(MoO,), were obtained by crystallization
from the melts of KBi(M0O,),—KgM0;0,, sys-
tem (see [9]). The polycrystalline samples of
K,oBi(WO,4)(PO,) and Kg5Bis gW,4Pg034 were
synthesized by flux method (see [13, 14]).
The PL properties under VUV synchro-
tron excitations were studied on SUPER-
LUMI station at HASYLAB (DESY), Ham-
burg, Germany [15]. The PL spectra were
obtained for 3.7-14 eV region of excitation
photon energies in 8-300 K temperature
range. The PL studies under excitations in
the UV and visible regions were carried out
by computerized set-up for spectroscopic
measurements (DFS-12 diffraction spec-
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trometer, 0.2 mm/z& linear dispersion) with
use of 1000W Xenon-arc lamp as excitation
source. All PL emission and excitation spec-
tra were corrected on instrumental response.

The electronic structures of the crystals
were calculated using WIEN2k program
package [16], in which the full-potential lin-
ear-augmented-plane-wave (FP-LAPW)
method is implemented within the frame-
work of the density-functional theory
(DFT). The Perdew and Wang generalized
gradient approximation was employed [17]
for the exchange-correlation potential. The
relativistic effects were treated in the scalar
relativistic approximation. The modified
tetrahedron method was used for the Bril-
louin zone (BZ) integration [18]. Atomic co-
ordinates and lattice parameters of the crys-
tals were taken from literature (see details
in [7, 9, 10]).

The muffin-tin radii Ry, were chosen
from condition of "almost touching”™ MT
spheres. In all cases, energy of separation
between core and valence states was chosen
as 6.0 Ry. The potential and charge density
in the MT spheres were expanded in spheri-
cal harmonics with [,,, = 10. The plane
wave cutoff parameter Ry K, .. was equal
to 6.0. The magnitude of the largest vector
Gax in the charge density Fourier expan-
sion was 14.0. The convergence criterion
was chosen as 0.0001 Ry convergence of the
total energy. The partial densities of elec-
tronic states (PDOSes) were calculated using
well-known  relations implemented in
WIENZ2k program code [16].

3. Results and discussion

The PL emission spectra of studied crys-
tals are presented in Fig. 1. As the Figure
shows, the spectra of BiPO, reveal broad
asymmetric band peaking in the blue spec-
tral region with a shoulder in the violet
region. An additional long-wavelength emis-
sion component of BiPO, is also clearly dis-
tinguishable in 550-650 nm region. The in-
trinsic PL emission spectrum of K3Big(POy)g
substantially differs from the case of
BiPO4. Two overlapping components with
approximately equal intensity are clearly
distinguishable at ~ 500 and ~ 580 nm
when E,. =6.2 eV and third component
arises in the red spectral region at lower
excitation energies. When E,, = 6.2 eV, the
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Fig. 1. PL emission spectra of the studied
crystals, T = 8 K.

PL emission spectrum of K,Bi(PO,4)(MoO,)
reveals complex band with the main peak
near 500 nm. At lower excitation energy
(E,, = 4.1 eV), the main peak in the
K,Bi(PO4)(MoO,) spectrum is observed near
590 nm, while the additional component
arises in the violet region (below 440 nm).
The PL emission spectrum of KgBi(MoQ,),
demonstrates a broad band peaking near
620 nm. When E, = 4.1 eV, the spectrum
of K5Bi(M0oOy,), reveals additional component
in the wviolet region. Both spectra of
KoBi(PO4)(WOQ,) presented in Fig. 1 clearly
indicate existence of two components peak-
ing near 510 and 570 nm. The relative in-
tensities of these components depend of the
excitation energy (see Fig. 1).

The PL excitation spectra of studied
crystals are presented in Fig. 2. As the Fig-
ure shows, the excitation spectrum of the
violet emission component of BiPO, contains
an intense band at ~ 4.8 eV. Except this in-
tense band, an additional band is clearly
seen in the excitation spectra of BiPO, at
the lower energies (near ~ 4.5 eV) when
Aem = 500 nm. When A,, = 450 nm, the ex-
citation spectrum of K;Big(PO,)g reveals two
intense peaks at ~ 4.6 and ~ 5.7 eV. A low-
intensity band also exists in this excitation
spectrum in 3.0-8.3 eV region. The excita-
tion spectrum of the red component of
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Fig. 2. PL excitation spectra of the studied
crystals, T = 8 K.

K3Big(POy)g (M., = 600 nm) reveals the in-
tense band peaking at ~ 4.1 eV. Besides the
intense excitation band at ~ 4.2 eV, the ex-
citation spectrum of the violet component of
K,Bi(PO4)(MoOQy) (A, = 420 nm) reveals an
additional band with the peak position near ~
3.3 eV. The excitation spectrum of the red
component of K,Bi(PO,4)(MoO,) (A, = 600 nm)
resembles profile of corresponding spectrum
of the violet component when excitation en-
ergies are above 4 eV. The excitation spec-
trum of the violet component of
KsBi(MoOy)s (A,,, = 480 nm) reveals inten-
sive band peaking near 4.0 eV. The most
intensive excitation band of the red compo-
nent of KgzBi(MoQ,), (A,,, = 600 nm) reaches
the peak position near 3.5 eV. The excita-
tion spectra of both PL emission compo-
nents of KyBi(PO,4)(WOQO,) contain two inten-
sive excitation bands peaking at ~ 4.6 and ~
5.1 eV. Besides this, the both components
are characterized by additional excitation
bands at the lower energies, near ~ 4.2 eV.

Calculated PDOSes of the studied ecrys-
tals are presented in Fig. 3. For convenience
of analysis, only these states which have
valuable contribution in —8-10 eV energy
region are presented in the Figure (the states
which supply less than 1 % of the total elec-
tron charge within this region are omitted).
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It is known that DFT-based calculations
usually underestimate the values of the en-
ergy gaps Eg between the Valence bands (VBs)
and the Conduction bands (CBs) of oxide crys-
tals. For this reason, correct estimation of E
values requires additional analysis. The values
of the energy gaps presented in Fig. 3 were
estimated in our previous papers: for BiPOy,
K3Big(POy)s, KoBi(PO4)(M0O,), KgBi(MoOy),,
KoBi(PO4)(WQO,) in [7] and for KBi(MoQ,), in
[9]. We tentatively estimate the E, value of
Ks.5Bis sW4PgO34 as 4.2 eV taking into ac-
count the peak position of the lowest-energy
band in the excitation spectrum of this
crystal that presented in Fig. 2. More pre-
cise estimation of the energy gap of
K65B|25W4P6034 will be the Subject of our
further studies.

The following general features can be
distinguished from the PDOS distributions
presented in Fig. 3. Mainly O p states form
the upper parts of the VBs of all studied
crystals. Bi s states have noticeable contri-
bution at the tops of the VBs (TVBs) of all
studied compounds. Bi p contribute at the
bottoms of the CBs (BCBs) of all crystals
except Kg gBiy sW,Pg034. Mo d (W d) states
form the lower parts of the CBs (in particu-
lar, the BCBs) of studied molybdates (tung-
states). P states are absent at the band
edges (neither at TVBs, nor at the BCBs) of
all studied phosphate compounds.

So, the calculations indicate that Dbis-
muth ions in all studied crystals (except
Ks5Bin sW4PgO34)  together  with  the
molybdate (tungstate) groups in the studied
molybdates (tungstates) form the lowest-en-
ergy band-to-band transitions. The Bi s — Bi

p, as well as the O s - Mo d (W d) transi-
tions form the fundamental absorption
edges of the mentioned crystals and conse-
quently, Bi3* ions as well as MOO42_ (WO42‘)
groups can easily create centers of intrinsic
luminescence emission. The Bi p states are
absent at TVB of K65B|25W4P6034’ so calcu-
lations indicate unlikely participation of
Bi3* ions in the intrinsic PL emission proc-
esses for this crystal (this question will be
discussed below). Detailed analysis of the
origin of intrinsic PL emission and excita-
tion bands of B|PO4, K3B|5(PO4)6,
K5Bi(PO4)(MoOy,), KgBi(M0oQ,), and
KoBi(PO4)(WQO,) was done in our previous
paper based on the electronic structure re-
sults [7]. The main inferences on the origin
of PL components of these five crystals ob-
tained in the mentioned paper can be formu-
lated briefly as the following. The high-en-
ergy PL components of BiPO,, K3Big(POy,)g
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Fig. 3. Calculated partial densities of states
(PDOS) of the studied crystals.

and K,Bi(PO4)(MoO,) (peaking in the blue
and violet regions, see Fig. 1) have the bis-
muth-related origin (3P; — 1S, radiative
transitions in Bi%* ions). The red PL compo-
nents of K%Bi(PO4)(MOO4) and KgBi(MoOy,),
have MoO < -related origin. The red PL
component of K,Bi(PO,)(WQO,) presumably
originates from the molybdenum impurities
which form MOO42‘ emission centers in the
tungstate host. The origin of intrinsic lumi-
nescence in KBi(MoO,),» and
Kg.5Bi> sW4PgO34 is analyzed below.

As Fig. 1 shows, spectral position and
half-width of the red PL component of
KBi(MoO,), are very close to corresponding
parameters of the red component of
KgBi(M0Qy,),. The excitation spectra of these
red components are also very similar for
both crystals (see Fig. 2). For both com-
pounds, the excitation curves taken at A,,
= 600 nm reach the peak position approxi-
mately at the same energy (near ~ 3.8 eV),
reveal the same shoulders in 8.83-3.5 eV re-
gion and demonstrate analogous decrease of
intensity with increasing energy above
4 eV. From structural point of view, both
KBi(MoO,), and KsBi(M0oO,),  contain
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molybdate molecular groups MOO42‘ on an-
ionic lattice positions. The electronic states
of the molybdate groups form the band
edges of both crystals (see Fig. 3 and ac-
companying text) indicating high prob-
ability for MOO42‘-groups to form centers of
the intrinsic PL emission. So, we have full
reason to assume that the red PL component
of KBi(MoOy,),, analogously to the red com-
ponent of KgzBi(MoO,), is generated by tran-
sitions in MOO42‘-groups.

When E, =6.2 eV, the PL emission
spectrum KBi(M0oOy,), clearly demonstrates a
shoulder in 500-550 nm region indicating
existence of additional emission component
in the blue-green spectral region. There are
no clear analogs of such component in the
PL emission spectra of KgBi(M0Q,),. How-
ever, the PL emission component in the blue
region is observed for another Bi-containing
molybdate crystal, namely K,Bi(PO4)(MoO,)
(see Fig. 1). This component is attributed to
radiative transitions in Bi%* ions (see text
above). Coordination of Bi3* ions KBi(MoO,),
and KyBi(PO,4)(MoO,) is analogous: in both
lattices bismuth ions form BiOg polyhedra
with the nearest oxygen surrounding (in
contrast to KgBi(MoQ,), where they form
BiOg polyhedra). So we can presume that
analogously to K;Bi(PO4)(MoO,) case, the
blue-green PL emission component of
KBi(MoO,), is formed by transitions in Bid*
ions. Additional studies are obviously re-
quired to verify this assumption.

The excitation spectrum of the blue-
green emission component of KBi(MoOy,), is
similar to the excitation spectrum of the
red emission component of this crystal at
energies above ~ 5 eV (compare curves for
Aem = 480 and 600 nm in Fig. 2). So most
probably, excitation of the both components
above 5 eV is mediated by band-to-band ex-
citations of the crystal host. Below 5 eV,
the excitation spectra of the two compo-
nents differ. In addition, the excitation
spectrum of the blue-green component of
KBi(MoO,), does not reveal well distin-
guished peaks or gaps in this energy region.
So formation of this spectrum below 5 eV
requires additional studies.

The PL emission spectra of
Ks 5Bis sW4PgO3,4 reveal a broad band with
the peak position near 600 nm (see Fig. 1).
The emission spectra are practically inde-
pendent of the excitation photon energy,
whereas the excitation spectra of this crys-
tal also very weakly depend on A,,, (see Fig.
2). This feature obviously points to exist-
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ence of only single component of intrinsic
emission. The peak position of
Ks.5Bin sW4PgO3,4 emission band is valuably
shifted to the longer wavelengths with re-
spect to the peak position of the long-wave-
length component of K,Bi(PO,)(WQO,). Tak-
ing into account this difference in the spec-
tra, we can assume that the centers of
intrinsic PL emission in KggBi; sW,PgO034
and K,Bi(PO4)(WO,) are different. Such in-
ference is supported by structural data.
While KyBi(PO,)(WO,) contains WO42‘
groups and uncontrolled isovalent impuri-
ties of molybdenum can easily form MOO42‘
emission centers in this crystal,
K65B|25W4P6034 crystal contains W06 pO].y-
hedra and Mo impurities should hardly form
MOO42‘ centers in it. So probably, the PL
emission of KggBi; fW,Pg03,4 is not related
to the MoO42~ centers.

The PL excitation spectra of
K65B|25W4P6034 differ Substantially from
KsBi(PO4YWO,) case as well as from the ex-
citation spectra of other crystals studied
here (see Fig. 2). In the VUV region of exci-
tation energies, KggBiy sW,PgO3,4 reveal
quite intense intrinsic luminescence at the
room temperature [10], whereas the intrin-
sic PL of other crystals undergoes complete
temperature quenching well below 300 K
(see [7, 9]). This fact points to different
centers of the intrinsic emission in
Ks.5Bio sW4PgO34 with respect to other Bi-
containing crystals studied here. At the
same time, the calculations indicate that
Bi3* ions are unlikely to form the centers of
the intrinsic emission in KggBis sW4Pg034
since Bi p sates are absent at the TVB of the
crystal in contrast to all other compounds
considered (see Fig. 3 and accompanying
text). So, we can presume that the intrinsic
emission of K6_5Bi235W4P6034 is not related
to transitions in Bi®* ions. This presumption
has to be verified in further studies.

4. Conclusions

The origin of intrinsic luminescence in
the set of oxide crystals which contain Bi3*
ions and PO42‘, MOO42‘ or WO42‘ molecu-
lar anionic groups is clarified in complex
experimental and computational studies. It
is found that PL emission components of
BiPO,, Ks3Big(POyu)s, KyBi(PO4)(M0O,) and
KBi(MoO,), in the violet-green spectral re-
gion are related to radiative transitions in
Bi3* ijons. The red PL components of
K5Bi(PO4)(MoOy,), KBi(MoO,),» and
KsBi(MoQOy), have MOO42_-re1ated origin.
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The red emission component of
KoBi(PO4)(WO,) luminescence is related to
the molybdenum impurities which form
MoO,2~ emission centers. The intrinsic PL
emission band of KggBi, s\W,PgO3,4 is prob-
ably related neither to Bi®* ions nor to
MOO42‘ impurity centers.
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