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Abstract. Ultraviolet and visible photoluminescence properties of ZrP,0O; crystals
are studied under excitation in the region 3.5+12 eV of incident photon energies.
Partial densities of electronic states are calculated with a full-potential linear aug-
mented plane-wave method for both perfect crystals and those containing two types
of oxygen vacancies. The UV luminescence is considered as a radiation decay of
trapped excitons formed on the basis of [ZrO]* polyhedrons. Generation of the ex-
citons is mainly related to charge-transfer electronic transitions between the elec-
tronic states Op and Zrd. The visible luminescence and its excitation are associated
with processes that occur in polyhedrons containing the oxygen vacancies.
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1. Introduction

Recently it has been found that ZrP,0; crystals are promising for various applications as a material
for mercury-free lamps and plasma display panels [1, 2]. Both pure Zr-containing materials and
those doped with rare-earth ions represent well known X-ray phosphors with intense luminescence
in ultraviolet (UV) and visible spectral regions [3, 4]. This practical aspect has stipulated a great
number of researches dealing with luminescence of Zr-containing phosphates stimulated mainly
with the band-to-band excitation [1-4]. As a result, the origin of luminescence centres in these
materials has been described for a strong UV emission band with the maximum located near
300 nm (~ 4.1 eV). It is known that this emission corresponds to charge-transfer processes in ZrOg
octahedra [1, 3, 5].

Recently the authors of the study [5] have shown that ZrP,0O; crystals are capable to lumi-
nesce in the visible optical region, too. It is obvious that the visible luminescence could decrease
the intensity of the main UV band. Therefore understanding of nature of the visible luminescence
is important while managing the UV-emission efficiency of ZrP,0;. As a consequence, the main
purposes of this work are clarifying the nature of the visible luminescence in ZrP,0; crystals and
revealing its possible relationships with the UV-luminescence mechanisms. In order to reach this
goal, we combine the results of experimental luminescent spectroscopy and theoretical calcula-
tions. It is known that the visible luminescence in undoped oxide materials is usually caused by
uncontrolled impurities [6] or defect-related centres (e.g., F, F" or F," centres) [7-9]. Here we
study the impact of oxygen vacancies on the luminescence properties of ZrP,0; crystals. We are to
notice that partial densities of states (PDOS) for ZrP,0O; with the oxygen vacancies have been cal-
culated for the first time and so we hope that the data presented in the present work will be useful
for understanding of luminescence properties of many other oxide solids.
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2. Details of experiments and calculations

Powdered ZrP,0; crystals were synthesized at the Inorganic Chemistry Department (Faculty of
Chemistry, Taras Shevchenko National University of Kyiv, Ukraine). Crystalline ZrP,O; was syn-
thesized by crystallization of LiPO; melt containing 1.5 wt. % of ZrO, (for more details see
Ref. [5]).

Luminescence spectroscopy experiments under excitation by a VUV synchrotron radiation
were carried out at the SUPERLUMI station (HASYLAB (DESY), Hamburg, Germany) [10]. The
photoluminescence (PL) spectra were obtained for the excitation energy region 3.5+12 eV at the
temperatures 7= 8 K and 300 K. A N, laser (the radiation wavelength of 4., = 337.1 nm) was used
as an additional source for exciting the PL in the UV region. All the measured PL emission and
excitation spectra were corrected by a system response.

Electronic structures of ZrP,O; with the oxygen vacancies and the corresponding perfect
crystals were calculated using a WIEN2k program package (version 11.1) [11], in which a full-
potential linear-augmented plane-wave technique was implemented in the framework of density-
functional theory. The crystalline structure of the ZrP,O; compound was taken from the literature
(see Ref. [12]). The convolutions of the densities of electronic states (CDOS) in ZrP,0; crystal
were performed for the bandgap value E, = 6.4 eV.

3. Results and discussion

ZrOy polyhedrons in ZrP,0; crystals are regular octahedra with six Zr—O distances equal to 1.97 A
[12] (see Fig. 1a). There are two different positions for oxygen atoms in the zirconium pyrophos-
phate and, therefore, two types of oxygen vacancies could be formed. The nearest surroundings of
these two types of vacancies are shown in Fig. 1b and Fig. 1c. The first type of vacancy denoted
hereafter as V corresponds to oxygen that connects anionic group P,O;* with Zr*" ion via an
ionic-type bond. It is clearly seen from Fig. 1c that the vacancy of the second type (referred hereaf-
ter to as V(') is a vacancy of ‘bridge’ oxygen in anionic molecular group P,O,*. Usually, the co-
valent bonds inside the molecular group are stronger than the ionic bonds between the cations and
the anionic groups. So, it would be quite reasonable to assume that the probability of formation of
the first-type oxygen vacancy is higher than that of the ‘bridge’ oxygen vacancy. Therefore, if the
visible luminescence in ZrP,0; is really associated with the oxygen vacancies, the corresponding
luminescence centres should be mainly formed owing to the Vo defects.
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Fig. 1. Some details of ZrP,0; crystal structure: (a) ZrOg octahedron; (b) nearest surrounding of the first-type
oxygen vacancy Vo; (c) surrounding of the second-type oxygen vacancy Vo

The PDOS calculated for the perfect ZrP,O crystals are presented in Fig. 2a. One can see
that the valence band (VB) is formed mainly from Op states and zirconium states dominate at the
bottom of the conduction band (CB). The PDOS of ZrP,0;:Vq crystals demonstrate some analo-
gies with the PDOS calculated for the perfect zirconium pyrophosphate (see Fig. 2b). However,
there are several essential differences between the perfect and defective crystals mentioned above.
First of all, these are full-occupied vacancy states (FOVS) that arise near the middle of the forbid-
den band in ZrP,0;.
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Fig. 2. PDOS for ZrP,0; (a), ZrP,07:Vo (b) and ZrP,07: Vo (c) crystals. Parts of panels (b) and
(c) are shown in panel (d).

Similar situation has recently been observed for cubic ZrO, crystals with oxygen vacancies,
where the vacancy states are formed by symmetric superposition of d orbital of four Zr** ions lo-
cated nearest to the vacancy. In contrast to the cubic ZrO,, the vacancy states in ZrP,07:V crys-
tals are formed by superposition of Zrd, Op and Pp orbitals (see the top of Fig. 2d). Moreover,
another higher-energy vacancy-related state (VRS) appears close to the bottom of the CB. This
state is mainly formed by Zrd orbitals and its width is equal to =~ 0.2 eV.

The VB and the CB in ZrP,0,:V,/ crystals are mainly formed by O2p and Zrdd orbitals,
respectively (see Fig. 2¢). Two VRS in the forbidden band are clearly observed (see Fig. 2d, bot-
tom). Middle-gap vacancy state is fully occupied and it is nothing but a FOVS. In contrast to
ZrP,07:Vy, this state is mainly formed due to the orbitals of defective molecular anionic group
[P,O6 + Vo/]. A shallow acceptor level near the bottom of the CB, which represents a VRS, is
formed by Zrd and Pp orbitals. It has a low density of states, when compared with the similar level
occurring in ZrP,07:Vo.

Summarizing, the distances from the top VB to the FOVS and VRS levels are evaluated as
being 1.7 eV (for the defect FOVS level V), 2.1 (for the defect FOVS level Vo), 5.3 (for the de-
fect RVS level V), and 5.9 eV (for the defect RVS level V). According to these distances, we
can assume a possible impact of non-radiative thermo-stimulated electron transitions from the
VRS levels to the CB in ZrP,0; crystals. In particular, this effect can be significant for the ZrP,0;
crystals containing the Vo defects, as here the VRS is located 0.5 eV lower with respect to the bot-
tom of the CB. Below we will discuss a role of the FOVS and VRS levels in excitation of the PL
in a more detail.

Taking into account the E, value and the results of our calculations, we have measured the
PL spectra under excitation of the next three types (see Fig. 3): at the band-to-band transitions
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(hvee > Eg = 6.4 €V), near the absorption edge (hv,, = E,), and inside the forbidden band of the pure
crystals (hve, < Ej).

max

wm = 4.13 eV is observed at various

Only one UV emission band with the peak position /v

band-to-band excitation transitions (v, = 6.7 eV — see, e.g., curve | in Fig. 3). In case of excita-
tion near the absorption edge (hv,, = 6.20 eV — see curve 2 in Fig. 3), four additional bands of the

visible PL arise at Av/'™ = 3.7, 3.02, 2.50 and 2.10 eV, which are referred to as V1, V2, V3 and

lum
V4. These visible components of the PL spectra are strongly overlapped. So, the first of them, V1,
is observed only as a tail of the UV luminescence band. The intensity of the visible PL is about 10
times smaller than that of the UV-band intensity. In case of excitation inside the forbidden band,
the UV band vanishes and only a wide complex band of the visible PL is observed, with the peak
positioned near 2.57 eV (see Fig. 3, curve 3).

The PL excitation spectra show an intense band with the maximum Av.,™ located near

6.7 eV and two overlapping bands in the region 7.5+10.5 eV, if the luminescence is monitored at
the peak position of the UV band (Av,., =4.13 eV). The third excitation band is observed at the
photon energies higher than 10.5 eV (see curve 1 in Fig. 4). When the temperature increases from
8 K up to the room one (300 K), the peak position of the main UV PL excitation band (6.7 eV)

shifts towards lower-energy side (Av,™ at the room temperature being equal to 6.5 eV), while the

full width at half height of the band increases (see Fig. 4, curve 2). In fact, the behaviour of the full
width at half height for this band reveals increasing asymmetry on the high-energy side. A low-
intensity band of the UV PL excitation can also be found in the region 5.5+6.5 eV (see curve 1 in
Fig. 4).
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Fig. 3. PL spectra for ZrP,0; crystals at hve,=6.70 Fig. 4. PL excitation spectra for ZrP,O; crystals at

(curve 1), 6.20 (curve 2) and 3.68 eV (curve 3). The hv,y=4.13 (curves 1 and 2), and CDOS [Op*Zrd]

temperature is equal to T =8 K. (curves 3 and 4) and [Op*Pp] (curve 5). The tempera-
ture is T=8 (curve 1) and 300 K (curve 2). See de-
tails in the text.

To clarify the nature of the UV PL, we have compared some characteristics (e.g., the shapes
and the band positions) of the PL excitation spectra with the calculated CDOS (see curves 3 to 5 in
Fig. 4). A number of preliminary remarks should be done prior to discussion of the excitation
processes peculiar for the PL emission. First, it is obvious that the CDOS should mainly correlate
with the absorption spectra. However, in our case it is impossible to measure the absorption since
the pyrophosphate crystals under test represent micro- and nanopowders. So, in this study we can
only compare the CDOS and the PL excitation spectra. As for the excitation spectra, anti-
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correlation between the excitation and the absorption spectra on the low-energy side of the funda-
mental absorption is usually observed for the materials with strong absorption [14]. This fact is
due to strong absorption of exciting light and the following large losses of excitation energy on the
crystal surface. This behaviour is especially typical for powdered micro- and nano-sized materials,
where the role of surface is very important. ZrP,0O, samples investigated here are just the case.
That is why the bandgap for calculating the CDOS has been chosen considering that the excitation
spectra of the UV emission and the CDOS curves at the edge of the excitation spectra should anti-
correlate, while a correlation has to take place for a higher-energy region of the excitation spectra.
As a result, the £, value obtained from our fitting is equal to 6.4 eV.

It is clear that the main excitation peak of the UV emission is located on the low-energy side
of the calculated CDOS (see Fig. 4, curves 1 and 3). The CDOS curve 3 in Fig. 4 corresponds to
the transitions from Op states of the top of the VB (-1.2+0.0 eV) to Zrd states of the CB in the
region 6.4+11.7 eV (this convolution is marked as [Op*Zrd]). The anti-correlation between curves
1 and 3 is observed in the energy region 6.7+9.1 eV and the correlation between the experimental
spectra and [Op*Zrd] occurs for the energies higher than 9.1 eV. Good correlation with the excita-
tion spectra is also observed for the CDOS obtained as convolution of the Op states in the deeper
part of the VB (—1.8+—1.2 eV) and the Zrd states in the energy region 6.4+11.7 eV of the CB (see
curve 4 in Fig. 4). The [Op*Pp]) CDOS for the Op states in the top of the VB (-1.2+0.0 eV) and
the Pp states of the CB in the region 6.4+11.7 eV are shown in Fig. 4 (see curve 5). Being associ-
ated with the transitions in oxide phosphate group, this CDOS has significant intensity, when
compared with the O — Zr transitions, only at the energies higher than 10.5 eV. Thus, we con-
clude that the UV component of the PL is excited under the band-to-band transitions and the most
efficient excitation takes place near the absorption edge.

It should be mentioned that the convolution curves do not reflect the shapes of the absorption
and excitation spectra closely enough, as they do not account for transition probabilities. So, the
real contributions of the two types of transitions, O — Zr and Op — Pp, to the excitation spectra
of the UV PL can differ from the relative intensities of the CDOS shown in Fig. 4 and Fig. 5 (see
below). This especially concerns the [Op*Pp] curve. Indeed, it is common knowledge that the
transitions within oxide molecular groups (i.e., phosphate groups in our case) give a considerable
contribution to absorption of the dielectric oxide compounds in the energy region far from the ab-
sorption edge [1-3]. In any case, we suppose that the PL excitation with the photon energies
hv,, < 10.5 eV takes place within Zr068’ polyhedrons.

Taking into consideration all the statements mentioned above, we can assume the following
mechanism for the UV luminescence in ZrP,0; crystals at low temperatures (4+8 K). Direct exci-
tation of ZrO®~ polyhedrons takes place at the excitation photon energies 6.4+7.5 eV and this ex-
citation reveals a character of the O — Zr charge transfer. Consequent changes in the electronic
configuration of the polyhedrons cause deformations of ZrOg octahedron and therefore a molecular
exciton (ZrOg> )* is formed in excited electron vibration state. This molecular exciton interacts
with the lattice deformations and becomes self-trapped. Electronic component of the exciton is
localized at the Zr*" ion, (Zr**+e)=(Zr"), and its hole component is at the oxygen ion,
(0" —¢) =(0"). Radiation decay of such a self-trapped exciton is accompanied with the Zr — O
charge-transfer process, thus causing strong UV luminescence. Absorption of the incident light in
the region of 7.5+10.5 eV generates electron-hole pairs. Recombination of those pairs at the ZrOg*
polyhedrons gives rise to excitons; then the excitons are localized and, finally, their radiation de-
cay occurs in the manner similar to that described above.
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In other words, the UV luminescence results mainly from the processes inside the spatial ar-
eas of perfect/regular crystal, though defective areas also play some part in generating the UV PL,
if the temperature increases from 8 K to the room one. In fact, at low temperatures the VRS near
the bottom of the CB mainly act as traps for electrons of the CB and so they quench the UV PL.
When the temperature increases, the trapped electrons are released, thus causing increase in the
UV luminescence intensity. At the same time, thermo-stimulated transitions for the electrons at the
room temperature occur from the top of the VB to the VRS. As a result, a low-energy component
of the UV-luminescence excitation in the spectral region of 6.0+6.5 eV increases, manifesting it-
self as a shift of the excitation band (see curves 1 and 2 in Fig. 4).

Hence, the UV PL results from the processes in the regular spatial areas of our crystals,
whereas the visible PL corresponds to defect-related luminescence occurring in the areas contain-
ing defects. Further evidences for this statement will be provided below.

In contrast to the UV emission, the most efficient excitation of the visible luminescence is
observed at Av,, < E, (see curve 1 in Fig. 5). Although this fact itself points to defect-related origin
of the visible luminescence in ZrP,0, the nature of the visible PL is not clear because it can be
associated with both crystal lattice defects (e.g., oxygen vacancies, interstitial oxygen atoms, etc.)
and non-controlled impurities (Zr-like ions such as Hf, Ti, etc.). Here we investigate only a possi-
ble role of oxygen vacancies in the visible luminescence of ZrP,0;.
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Fig. 5. PL excitation spectra for ZrP,O; crystals at hv,., = 2.76 (curve 1) and 3.02 eV (curve 2), and T =300
(curve 1) and 8 K (curve 2); CDOS calculated for ZrP,0;:V, (curves 3 to 5) and ZrP,07: Vo' (curves 6 to 8)
crystals. See details in the text.

If the luminescence is detected at the low temperature (8 K) in the visible range
(hvyee = 3.02 €V; the light wavelength 410 nm), the excitation spectrum is very similar to that ob-
served for the UV PL at the room temperature (see Fig. 5, curve 2). One can see a main band D* at

hv=6.5 eV, and several wide bands at higher energies. The additional small-intensity excita-

tion bands are located at 4.0+6.0 eV (see Fig. 5, curve 2). The intensity of the mentioned bands on
the lower-energy side of the PL spectrum (4v,., = 2.76 €V, i.e. ~ 450 nm) increases when the lumi-
nescence is detected at the room temperature; then a sharp excitation band A* is observed at

hv=4.13 eV. At least, two components form this band (see Fig. 5, curve 1). The other excita-

192 Ukr. J. Phys. Opt. 2013, Volume 14, Issue 4



Electronic band

tion band B* located in the region of 5+6 eV also includes two details: a small-intensity band near
5.0 eV and a wide shoulder observed against the background of the main band. Finally, a band C*
is located at 5.5+7.0 eV, with a possible peak positioned near 6.1 eV (see Fig. 5, curve 1).

To reveal the origin of the bands in the visible PL excitation spectra, we have calculated sev-
eral CDOS for the defective ZrP,0,:Vq and ZrP,0-: Vo' crystals (see Fig. 5, curves 3 to 8) and
compared them with the experimental excitation spectra. Fig. 5 evidences that the CDOS labelled
as 3 and 6 in Fig. 5 lie in the same spectral region as the A* band in the PL excitation spectra. The
curves 3 and 6 correspond to convolutions of the FOVS and the VRS, [FOVS*VRS], for
ZrP,07:Vq and ZrP,07: V' respectively. Let us notice that the bands corresponding to curve 3 are
about one order of magnitude more intense than the bands related to the curve 6. Therefore it is
most likely that the PL excited in the A* band is mainly linked with the Vo-type vacancies.

Another complex band seen in the excitation spectra, the B* band, coincides with superposi-
tion of the CDOS 4 and 7, which represent convolutions of the FOVS and Zrd states at the bottom
of the CB (6.4+8.5 eV); here curve 4 corresponds to ZrP,07:Vo and curve 7 to ZrP207:Vo/ crystals
(see Fig. 5).

The CDOS curves 5 and 8 are convolutions of the Op states at the top of the VB
(-3.6+-2,3 eV for the Vg defects and —2.9+-2,0 eV for the Vo' defects) and the VRS near the CB
bottom for ZrP,0;:Vy and ZrP207:Vo/ crystals, respectively. These curves coincide well with the
excitation bands C* (curve 8) and D* (curve 5).

Together with the data on the positions of VRS summarized above, the interpretation of the
excitation spectra provided here allows us to suppose the following mechanisms of the visible PL.

First, we are to notice similarity of the excitation spectra detected for Av,,, = 3.02 eV (mainly
for the PL bands V1 and V2) at 7= 8§ K, on the one hand, and the excitation spectra of the UV PL
obtained at 7= 300 K, on the other hand, when thermo-stimulated processes take place from the
VRS level. Then, the low-energy component of the spectrum, the D* band, corresponds to the ex-
citation channel ‘the VB top — the VRS of Vg defects’, and this excitation has a character of the
charge-transfer transition O — Zr in the defective polyhedrons ZrOs"". So, we have found some
analogy in the origins of the UV PL and the high-energy component of the visible PL. Therefore
we have good reasons to declare that the mentioned component of the visible PL is related to ra-
diation decay of localized excitons accompanied with the charge transfer Zr — O in the imperfect
ZrOs* polyhedrons. Similar processes can appear in Zr polyhedrons associated with imperfect
molecular anions [P,Os — Vo/]*". As a result, the two PL bands, V1 and V2, appear in the PL. En-
hancement of the excitation intensity observed for the band C* with increasing temperature (com-
pare curves 1 and 2 in Fig. 5) confirms this statement, since the RVS level for the V' defects is
placed lower than the Vg levels and, therefore, they are activated at higher temperatures.

As for the low-energy part of the PL spectra (i.e., the PL bands V3 and V4), it is efficiently
excited by low-energy photons (see curve 3 in Fig. 3 and curve 1 in Fig. 5). This fact indicates
participation of the FOVS and the RVS levels in excitation of the visible PL. In other words, this
PL is excited inside the A* and B* excitation bands. If the transitions take place inside the A*
band, direct excitation of the full-occupied vacancies Vo (in fact, these are F centres) can be ac-
complished. However, it is more probable that, after direct excitation, the electron is released from
the RVS level to the CB, with following migration and recombination with the hole located at the
FOVS level (in fact, it is an F" centre). Similar processes occur in F centres formed on the basis of
Vo defects. The fact that the intensity of the excitation band A* increases with increasing tem-
perature confirms our assumptions.
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Finally, excitation inside the B* band causes the PL as a result of electron transition from the
FOVS levels to the CB bottom. Then the free CB electrons are trapped at the RVS states and re-
combine with the hole at the FOVS level. This recombination is accompanied with the PL. Such
interpretation explains the fact that the characteristics of the PL excited inside the excitation bands
A* and B* are similar. This gives rise to the visible PL of a complex character, manifesting itself
as a set of strongly overlapping bands.

Conclusions

Summarizing, we have studied experimentally the luminescence spectra of the perfect ZrP,0;
crystals and the same compounds containing oxygen vacancies, and have calculated theoretically
their electronic structure. The analysis of these results has resulted in revealing a possible role of
the oxygen vacancies in the visible PL observed in zirconium pyrophosphate. In particular, it is
ascertained that the UV luminescence is accompanied with the Zr — O charge-transfer and is re-
lated to radiation decay of self-trapped excitons, where the electron component is located at the
Zr*" ion and the hole component is at the O* ion.

The visible luminescence has a complex character. The most probable nature of its high-
energy component (2.5+3.5 eV) is radiation decay of excitons localized at a defective Zr octahe-
dron, ZrOs® plus oxygen vacancy. The low-energy component of the visible PL (1.5+2.5 eV)
should be mainly caused by recombination processes, with participation of F centres formed on the
basis of oxygen vacancies of the two types: one of them is the vacancy of ‘bridge’ oxygen, while
the other is in ‘non-bridge’ positions.

Experimental verification of our main conclusions (in particular, the luminescence spectros-
copy of ZrP,0; crystals annealed in vacuum, and in reducing and oxygen atmospheres) will be the
aim of our further investigations.
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Anomauin. Y pobomi docnioxceno ghomoniominecyenmui enacmusocmi kpucmanie ZrP,0; 6 yio-
mpaghionemosiu i euouUMill OLIAHKAX CHEKMpa 3a YMOSU 30Y0iCeHHs. (DOMOHAMU 3 eHepeiero
3.5+12 eB. 3a nognonomeHyianibHUM JIHEAPU308aAHUM MEMOOOM NPUEOHAHUX NIOCKUX X6UTb DO3-
PAxo8ano napyianbHi 2yCMuHY e1eKMpOHHUX CIMAHIE 0I5l OOCKOHAAUX KPUCTAIE | KPUCMATLIG, 1O
Micmamb 08a Muny KUCHe8UX 8aKkaucii. Y D—nominecyenyilo po3enaHymo sk UNpoMIHIOBATbHULL
PO3NGO T0KANI306aHUX eKCUMOHIE, ChOPMOaHUX Ha ocHo6l bazamozpannuxa [ZrO4]* . Tenepayis
eKCUMOHIB 8 OCHOBHOMY N0 SI3AHA 3 eNeKMPOHHUMU NEPEXOOAMU 3 NEPEHOCOM 3apsA0Y MidC eleK-
mponuumu cmanamu Op i Zrd. Jlrominecyenyito y euoumiti OiisHyi cnekmpa noe a3aHo 3 npoye-
camu, AKi 8i00y8ar0mvcs 8 6a2amoepaHHUKy, Wo MiCMUums KUCHe8i 8aKAHCI.
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