Journal of Luminescence 202 (2018) 450-460

journal homepage: www.elsevier.com/locate/jlumin ==

Contents lists available at ScienceDirect

Journal of Luminescence

JOURNAL OF

- LUMINESCENCE ¢

§
1
i

A detailed aging analysis of MPO,X (M = Y>*, La®*", Lu**; X = Bi**, Pr**, )

Check for

Gd>*) due to the Xe excimer discharge -

Mike Broxtermann®", Lena Marie Funke”, Jan-Niklas Keil?, Hellmut Eckert™c,

Michael Ryan Hansen”, Andries Meijerink®, Ting Yu®, Norbert Braun', Thomas Jiistel

a,s

@ Department of Chemical Engineering, Miinster University of Applied Sciences, Stegerwaldstrae 39, D-48565 Steinfurt, Germany
P WWU Miinster, Institut fiir Physikalische Chemie, Corrensstrafse 30, D-48149 Miinster, Germany

€ Universidade de Sao Paulo, Instituto de Fisica de Sao Carlos, Sao Carlos, Sao Paulo 05508-020, Brazil

< GVB Solutions in Glass, Nordstern Park 2, D-52134 Herzogenrath, Germany

© Debye Institute for Nanomaterials Science, Universiteit Utrecht, Princetonplein 1, 3584 CC Utrecht, The Netherlands

ARTICLE INFO

Keywords:

Ns? luminescence
Phosphorus

UV phosphors

Lamp aging

Xe excimer discharge
VUV spectroscopy
Temperature and time dependent spectroscopy
Decay constants
Solid state NMR

EPR Spectroscopy

ABSTRACT

Phosphate hosts doped with luminescent ions are widely applied for efficient spectral conversion in light
emitting devices. However, in Xe discharge lamps a rapid degradation of light output is observed indicating a
decrease in the efficiency of conversion of the VUV output of the Xe discharge. This work aims at providing a
better understanding of the degradation mechanism. We summarize peculiar findings made within a survey of
different inorganic UV emitting phosphors of the MPO4:X (M = Y, La, Lu; X = Bi, Pr, Gd) type regarding their
stability under operation in a dielectric barrier Xe excimer discharge lamp. Test lamps containing these phos-
phors as a particle layer coating onto the inner wall of the lamp vessel suffer from a rapid degradation which was
monitored by the loss of UV radiation output during lamp operation. The thus aged materials were recovered and
further analysed by optical spectroscopy. It turned out that the aged materials do not only exhibit a new broad
absorption in the UV/visible range, which explains the rapid decline of radiation output during lamp operation,
but also that all aged materials show photoluminescence in the red upon exposure to UV radiation. It is argued
that this luminescence originates from phosphorus in the oxidation state +III (configuration: [Ne]3 s?) which is
present as a point defect. These defects are formed when the respective materials are aged in direct contact with
the Xe excimer discharge within the lamp discharge vessel. This detailed study of phosphor aging by means of
VUV luminescence spectroscopy as well as temperature and time dependent luminescence spectroscopy and
solid state EPR spectroscopy points to the existence of phosphorus +1III ([Nel3 s%) which shows characteristic ns>
luminescence which has not been reported before.

1. Introduction

fluorescent lamps were replaced by trichromatic fluorescent lamps in
the late 20th century [6]. The main problem of phosphate phosphors in

For over 70 years ortho-phosphates and halophosphates have been
widely applied as hosts for luminescent materials due to their high
chemical stability and ease of synthesis [1,2]. In the 1940s halopho-
sphates doped with Sb®* and Mn?* became the most widely used
phosphor in fluorescent tubes. After the proposal of using a trichro-
matic phosphor blend to achieve colour 80 fluorescent lamps by
Koedam and Opstelten, Verstegen et al. introduced another halopho-
sphate as a blue emitting phosphor (Srs(PO,4)3CLEU?™) for these tri-
chromatic fluorescent lamps [3,4]. For applications as a green emitter
for the trichromatic phosphor blend LaPO,4:Ce,Tb was developed
somewhat later [5]. Owing to the higher stability of the rare earth ac-
tivated phosphors as well as their higher efficacy the old halophosphate

* Corresponding authors.

fluorescent lamps is their pronounced Hg consumption compared to
aluminate type phosphors or Y>03:Eu. This observation was also made
for the UV emitting phosphors YPO,:Ce and LaPO,4:Ce, which causes the
rather short operational lifetime of UV lamps used for tanning purposes
[7,8].

The ortho-phosphates LuPO4 and YPO,4 doped by the RE elements
Ce®*, Pré™, or Nd®* are also promising scintillator materials [9] due to
their radiation hardness, short decay time, and rather high photon yield
[10]. Recently, these materials were also proposed for the use as ra-
diation converters for fluorescent Xe excimer discharge lamps [11,12].
Dielectric barrier Xe excimer discharges are applied in plasma displays
and for VUV lamps where 172nm radiation is converted to UV-C
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radiation which can be exploited for surface, air, and water purification
[13].

Doped ortho-phosphates LnPO4:M (Ln = Y, Gd, Lu; M = Bi, Ce, Pr,
Nd) are effective UV radiation sources, whose emission spectrum is
solely dependent on the applied phosphor or phosphor blend. Pr3*,
Nd®*, or Bi** doping produces emission in the range 190-280 nm,
while Ce®" or Gd** doping result in UV-B or UV-A emitting materials,
e.g. YPO4:Ce (345 nm), YPO4:Gd (312 nm) or LaPO,4:Ce (312 nm). Very
efficient UV-C emitters are YPO4:Nd (193nm), YPO4:Pr (235nm),
YPO4Bi (241 nm), LaPO4Pr (225nm), and LuPO4:Pr (235nm).
However, it must be kept in mind that also many other inorganic hosts
doped by Pr** show efficient UV-C or UV-B emission, such as the
Whitlockite CagLu(PO4);:Pr [14] or garnet type ortho-silicates
C33SC2Si3012:Pr [15].

The high quantum yield, good overlap with the germicidal action
curve, and low thermal quenching effects of YPO4:Bi and YPO,4:Pr make
these materials suitable for applications as UV-C emitters in Xe excimer
discharge lamps for disinfection [16]. Unfortunately, both materials
show tremendous degradation during the course of lamp operation, so
that their commercial use is not in immediate reach [17]. A well-es-
tablished way to improve the phosphor stability in discharge lamps or
emissive displays are particle coatings. It was already proven that a y-
Al,O3 coating onto YPO4:Bi particles will improve the stability in Xe
discharge lamps, by forming a very homogeneous nanoscale layer on
the grains [17]. However, the stability improvement was not sufficient
to make these lamps competitive with respect to the lifetime of
253.7 nm emitting low-pressure Hg discharge lamps. At present, the
details of the degradation mechanism of ortho-phosphates in Xe ex-
cimer discharge lamps and the corresponding roles of the activator and
the host are not known.

It is the aim of this work to provide insight in the degradation
mechanism of rare earth or Bi®" activated ortho-phosphate type
phosphors in Xe excimer discharge lamps. To this end, a series of Xe
excimer lamps with different phosphor coatings were made and oper-
ated for several hundred hours. Physical and chemical properties of the
as-made and degraded ortho-phosphate type phosphors were in-
vestigated and compared. The insights obtained form the basis of a
strategy for future phosphor development and lamp design.

2. Experimental Section
2.1. Material Syntheses

2.1.1. Synthesis of u-scale YPO4, LaPO,4, and LuPOy,

All microscale powders were made by solid state synthesis starting
from Ln,O3 (Ln = Y, La, Lu), (NH4)H,PO, and by using LiF as a flux.
After thoroughly blending the materials in an acetone slurry, the
powder blends were transferred into corundum crucibles and subse-
quently annealed at 1000 °C for 4h in ambient atmosphere. The ob-
tained sinter cakes were thoroughly ground, washed with deminer-
alized water and then dried in a drying furnace at 80 °C at a pressure of
10~2 mbar for 8 h. Finally, the obtained white powders were sieved
through a nylon sieve with a mesh width of 36 pm to remove remaining
agglomerates. Table 1 lists the masses and molar amounts of the
starting materials used.
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2.1.2. Synthesis of u-scale YPO4Bi®* (0.5%) and YPO:Gd®* (1%)

The educts Y,O; (150.0g, 0.665mol) and BiO; (1.555¢g,
3.338 mmol) for the synthesis of YPO4:Bi or Y,03 (150.0 g, 0.665 mol)
and Gd,O3 (2.420 g, 6.676 mmol) for the synthesis of YPO,:Gd were
suspended into demineralized water. Then concentrated H3PO,
(161.641 g, 1.402 mol) was added under intimate stirring within 24 h.
The obtained slurry was dried in a rotary evaporator before 1 wt.-% of
LiF was added as a flux and the blend was ground to homogeneity. The
blend was placed into a corundum crucible and annealed at 1000 °C for
4h at ambient atmosphere. The obtained sinter cake was ground and
suspended into 1000 ml HNO3 (65%) and 4000 ml demineralized water
and stirred at 60 °C for 6 h. Afterwards, the powder was separated by
filtration and washed with demineralized water until the wash water
was neutral. Subsequently, the powder was dried in a drying furnace at
80 °C at a pressure of 10~ mbar for 8 h. Finally, the powder was milled
to obtain an appropriate particle size (dso = 5 — 6 um). To this end, the
powder was filled into a 2000 ml PE bottle, 203 g 1-Propanol as well as
2330 g YTZ balls were added and the obtained slurry was rolled for
6 h hours on a roller bench. After the milling process the obtained fine
white powder was annealed at 800 °C for 2h in a corundum crucible to
heal (surface) defects due to the milling process. Finally, the obtained
white powders were sieved through a nylon sieve with a mesh width of
36 pm to remove remaining agglomerates.

2.1.3. Synthesis of u-scale YPO:Pr** (1%)

The educts Y,03 (150.0g, 0.665mol) and PrgO;; (1.021g,
2.225mmol) were suspended into demineralized water. Then con-
centrated H3PO4 (161.641 g, 1.402mol) was added under intimate
stirring within 24 h. The obtained slurry was dried in a rotary eva-
porator before LiF was added and the blend was subsequently ground to
homogeneity. The blend was placed into a corundum crucible and an-
nealed at 1000 °C for 4h in a CO atmosphere to ensure a complete
reduction of present Pr** to Pr®*. The obtained sinter cake was ground
and suspended into 1000 ml HNO3 (65%) and 4000 ml demineralized
water and stirred at 60 °C for 6 h. Afterwards, the powder was separated
by filtration and washed with demineralized water until the effluent
water was neutral. Subsequently, the powder was dried in a drying
furnace at 80 °C at a pressure of 10~ mbar for 8 h. Finally, the powder
was milled to obtain an appropriate particle size (dsg ~ 5 — 6 pm). To
this end, the powder was filled into a 2000 ml PE bottle, 203 g 1-
Propanol as well as 2330 g YTZ balls were added and the obtained
slurry was rolled for 6 hhours on a roller bench. After the milling
process the obtained fine white powder was annealed at 800 °C for 2 h
in a corundum crucible to heal surface defects due to the milling pro-
cess. Finally, the obtained white powders were sieved through a nylon
sieve with a mesh width of 36 um to remove remaining agglomerates.

2.2. Xe excimer lamp construction and aging

2.2.1. Phosphor paint preparation

The inner side of the quartz vessel of the Xe neat excimer discharge
lamp bodies were coated by applying a phosphor paint which is based
on a 1:1 mixture of butylacetate/ethylacetate as dispersing agent which
is charged with 5wt.-% cellulose nitrate as binder. The resulting
slightly viscous homogeneous solution is then charged with 20 wt.-% of
the respective phosphor powder and agitated by using a roller bench

Composition Y203

LUZ03

La203 (NH4)H2PO4

YPO, (25 g, 136.0 mmol)
LuPO,4 (25 g, 92.6 mmol)
LaPO, (25g, 111.6 mmol)

15.36 g (68.0 mmol)

18.42 g (46.3 mmol)

15.64 g (136.0 mmol)
10.65 g (92.6 mmol)
12.84 g (111.6 mmol)

18.18 g (55.8 mmol)
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Fig. 1. Technical scheme of a Xe excimer discharge lamp.

until a homogeneous suspension is achieved. The resulting suspension
is then sieved through a 36 um sieve. The filtrated suspension is then
stored under continuous agitation on a roller bench to prevent pre-
cipitation or aggregation.

Fig. 1 presents a technical drawing of the lamp quartz body (syn-
thetic quartz, Heraeus) including 6 mm diameter and 70 mm length
quartz tubes fused to the top and bottom part, which are used to aid in
the coating and the later gas filling steps. The discharge vessel itself
exhibits an outer diameter of 17 mm and a wall thickness of 1 mm at an
overall length of 175 mm. The inner quartz tube is 4 mm wide, ex-
hibiting a wall thickness of 0.8 mm.

Each lamp body was weighed before any coating is applied. The
respective phosphor paint, prepared as described above, was sucked
into the vertically aligned lamp through the 6 mm wide tube fused to
the lamp bottom applying a small vacuum until the whole body is filled.
Vacuum was then released and the paint is allowed to flow out again. A
gentle flow of preheated air was then applied to dry the paint that is
adhering to the discharge vessel walls. This procedure was repeated
once, following horizontal 180° rotation of the lamp body before the
whole body was weighed out again in order to determine the average
coating weight. Any organic components remaining from the paint are
removed via heating the coated body to 500 — 600 °C for 1 h.

After a lamp body was successfully coated with a respective
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phosphor material, the bottom 6 mm diameter tube was flame-sealed.
The coated lamp body was then heated to 500 — 600 °C for 0.5h at
ambient pressure once again before it was connected to the gas filling
apparatus via the remaining 6 mm diameter quartz tube at the top part.
Prior to the filling with 200 — 500 mbar of Xe gas (Westfalengas
99.99%), the lamp body experienced a final preheating step at
500 — 600°C upon applying a vacuum of 10~ 3 mbar for 1h.
Subsequently, the as-filled lamp was provisionally ignited in order to
monitor the gas filling for impurities (e.g. Oxygen) via observation of
the apparent discharge colour before it is separated (by flame sealing)
from the upper quartz tube connected to the filling apparatus. The inner
tube of the as coated and gas filled lamp body was then filled with
stainless steel powder as inner electrode, which was afterwards con-
nected to a flexible electronically shielded cable. Eventually, stainless
steel netting may be stripped over the discharge vessel, to act as an
outer electrode. All the as prepared lamps were finally tested for ap-
propriate ignition behaviour.

2.3. Lamp lifetime experiments and driving scheme

Phosphor-coated lamps to be tested with respect to their main-
tenance in operation and their long term stability were fitted into a
mounting centred within a closed 50 mm diameter PMMA vessel, which
was constantly purged by flowing water. The cooling water was con-
tinuously circulated and amounts to 81 of supply water exhibiting an
electrical conductivity, which was typically higher than 100 uS/cm and
was tested for its conductivity and UV transmission prior and re-
peatedly during the lifetime experiments. For a usual lifetime experi-
ment, such Xe excimer lamps were continuously operated for 500 h at
least.

UV radiation output was recorded with an Avantes spectrometer
(AVASPEC-ULS2048, detection range 200 — 1000 nm) using a 25 um
slit, grating 300 lines/mm, and 300 nm blaze, to which a 200 pm quartz
fibre (solarisation resistant, NA 0.22) was connected for radiation
guiding. In order to specify the measurement position, the quartz fibre
comprised an adapter to affix the fibre to the lamp surface at a defined
position attached onto lamp surface.

UV outputs were measured repeatedly after certain lamp operation
periods, over the total operation period of 500-700 h. The spectra were
recorded between 200 and 900 nm and then subsequently normalized
to the integrated Xe lines between 820 and 830 nm. Since the ratio of
the Xe line emission in the NIR to the VUV emission of the Xe excimers
remains constant during lamp operation, the ratio of the integrated
phosphor spectrum in the UV range to the integrated Xe line spectrum
in the NIR yields corrected integral emission intensities. The change
over time of this number yields the degradation curves.

Efficient lamp driving is achieved by using a high voltage narrow
unipolar fly back pulse driver (3.8kV, 90kHz) [1]. The voltage and
current profiles of the used power supply units are given within Fig. 2.
With respect to the as displayed driving scheme, the Xe excimer dis-
charge lamp is supplied with a power input of roughly 11 W resulting in
a power consumption of about 0.73 W/cm lamp or discharge lengths,
respectively.

2.4. Photoluminescence spectroscopy

PL emission as well as excitation spectra were recorded on an
Edinburgh Instruments FSL 920 spectrometer equipped with a 450 W
Xe arc lamp, mirror optics for powder samples and a cooled (—20 °C)
single-photon counting photomultiplier from Hamamatsu (R2658P).
For PL decay kinetics a uF 920 H Xe flash lamp (100 W) from Edinburgh
Instruments was used as excitation source. Temperature dependent PL
measurements in the range from 78 to 500 K were carried out applying
an Oxford Instruments cryostat MicrostatN2. The cooling agent was
liquid nitrogen. Accuracy of the temperature measurement was set
to = 3K and the stabilization time to 30s.
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Fig. 2. Driving voltage and current as supplied by the used power supply units for Xe excimer discharge lamp operation in lifetime testing.

The correction file for the emission spectra was obtained from a
tungsten incandescent lamp certified by the National Physical
Laboratory, Teddington, UK. Diffuse reflection (DR) spectra were re-
corded on a spectrometer of the same model, equipped with a “spec-
tralon” coated integration sphere. BaSO,4 (99.998%, Sigma-Aldrich) was
used as a reflection standard. Analysis and handling of data was carried
out with the FO00 program issued by Edinburgh Instruments.

2.5. Reflection spectroscopy

Reflection spectroscopy was performed on an Edinburgh Instruments
FL920 spectrofluorimeter equipped with a custom made Spectralon coated
integrating sphere. Excitation was provided by a 450 W Xe arc lamp. The
device is operated with two TMS300 (Czerny-Turner Optics) mono-
chromators equipped with 1800 g/mm gratings each and a Peltier cooled
(—20°C) R928 single photon PMT (Hamamatsu). Optical grade BaSO,4
(99.998% Sigma-Aldrich) was used as a white standard and thus set to
100% reflectance.

2.6. VUV luminescence spectroscopy

The VUV spectrometer used consists of an Edinburgh Instruments
FL920 spectrofluorimeter, which is equipped with a VUV excitation
arrangement. This VUV excitation arm consists of a D, discharge lamp
(DS-775), an Acton Research VM-504 VUV-monochromator as well as a
mirror based focusing unit. The monochromator is equipped with
manually controlled a micrometre-screw entrance and exit slit and of
1200 grooves per millimetre (g/mm) and a 2400 g/mm gratings. The
VUV monochromator and the whole focusing unit are evacuated by a
directly flanged turbo drag pump to realize a pressure of about
1.0 x 10~° mbar. The D, lamp irradiates into the optical path of the
evacuated monochromator through an MgF, window. The distance
between the focusing unit, capped with another MgF, window and the
sample which is placed in the unevacuated FL900 sample chamber, is
constantly flooded with a dry stream of N, to ensure sufficient and
stable VUV/UV exposure of the sample material. Sample emission is
measured in a fixed 90° arrangement. The detection branch consists of a
convex quartz collection lens, a Czerny-Turner Optics TMS300 mono-
chromator equipped with a 1800 g/mm grating and a photomultiplier
tube (PMT, Hamamatsu R928) running in single photon counting mode
which is constantly kept at — 20 °C by Peltier cooling. All measure-
ments were conducted on thoroughly powdered samples, which were
placed in circular sample holders crafted from spectralon. A correction
file for the emission spectra was obtained from a D, (UV range) and
tungsten incandescent lamp (near UV—near IR-range) certified by NPL
National Physical Laboratory, Teddington, UK.

Emission spectra were recorded upon 160 nm excitation by using
the 1200 g/mm grating excitation, the 1800 g/mm emission grating,
excitation slit widths corresponding to 2nm and emission slit widths
corresponding to 1nm spectral resolution. The measurements of

excitation spectra were conducted using the 2400 g/mm excitation and
1800 g/mm emission grating, excitation slit widths of 1 nm and emis-
sion slit widths of 2nm. The measured uncorrected excitation raw
spectra were divided by the spectrum of an excitation standard sample
of Sodium salicylate (NaSal) (99.5%, Merck Millipore).

2.7. Solid state EPR measurements

Continuous-wave (CW) solid state EPR spectra were measured on a
Bruker EMXnano X-band EPR spectrometer operating at a microwave
frequency around 9.6 GHz. CW spectra were recorded as a function of
the magnetic field strength in the range from 0.5 to 4.5 kG. The samples
were filled inside 4 mm inner diameter quartz tubes. The samples were
measured at ambient temperature and at 90 K using the variable tem-
perature unit (ER 4141VT). For the acquisition of all the CW EPR
spectra of YPOy4, YPO4:Bi, and YPO4:Pr a sweep rate of 96 mG/s and a
time constant of 1.28 ms were used. The YPO,:Gd spectra were mea-
sured with a sweep rate of 20 G/s. Depending on the sweep width
1200 — 14,000 points were recorded. The modulation frequency was
set to 100 kHz and modulation amplitudes of 1-5G were used. A dis-
crimination of EPR signals based on their saturation behaviour was
performed by altering the microwave power between 0.08 and
1.26 mW. Spectral simulations for LaPO, were performed using the
Aniso-SpinFit program within the Bruker Xenon software package.

3. Results and discussion

As-made non doped LnPO, (Ln = Y, La, Lu) as well as YPO4 samples
doped by Pr®*, Gd®*, or Bi®** are brilliant white powders due to the
wide band gap of the host material, which are reported to be 9.2 eV
(YPO,), 8.64 eV (LaPO,), and 9.3 eV (LuPO,), and the intra band gap
location of the respective energy levels of the dopants, which have
excited states that are typically in the UV range [18-21]. Consequently,
the quality of all LnPO,4 samples discussed in this work was determined
by reflection spectroscopy vs. BaSO, (supplementary information S 1-S
6). In addition, all phosphor samples used were investigated with re-
spect to phase purity, which was revealed by powder x-ray diffraction
before the lamps were mounted. It turned out that applied materials for
lamp making were single phase and those materials recovered from
aged lamps show neither a change of the powder x-ray diffraction
patterns (see supplementary material S 7-S 12) nor of the X-ray pho-
toelectron spectra (see supplementary material S 17 for LuPQy).

Optical spectroscopy of all materials proves the presence of efficient
photoluminescence upon 160nm excitation. Fig. 3 compares the
160 nm excited PL spectra with the PL spectrum of the blue emitting
plasma display panel (PDP) phosphor BaMgAl;,0;7:Eu (quantum yield
of about 96% if one assumes that the absorption strengths upon 160 nm
excitation are of similar magnitude for both materials [22].)

The PL excitation spectra of all discussed YPO, phosphors feature a
relatively narrow excitation band at 152 + 2nm (8.2 eV) which we, in



M. Broxtermann et al.

Journal of Luminescence 202 (2018) 450460

Energy / eV Energy / eV Fig. 3. Emission spectra upon 160 nm excita-
6 5 4 3 2 2 oo 8 7 6 5 tion of the investigated UV phosphors com-
e E— ‘ ‘ RP— ’ —YPO,Bi (%, =260nm) |  pared to the blue emitting plasma display
Ae,,: 160 nm YPOA:B;“ i 3 _:Egaf;‘z;sm ==23“122”n"r:) panel phosphor BaMgAl;,0;7:Eu (left image)
2 ——YPO,Pr 2 R and respective excitation spectra (right image).
T 1.5E6+ [ . N . .
2 —YPO.Gd E The doted grey line in the excitation spectra
o o . .
> N plot marks the excitation peak wavelength,
2z > S . - ;
2 1 oes ] i which is given in Xe excimer related applica-
E \“ PR, 2 tions due to Xe excimer emission.
< -
S
2 “ 8
= »
E 5085+ ““w\,mr“w‘b £
650 700 750 800 w
[R——
00 00

» A
T T T T T T T T T T T T
200 250 300 350 400 450 500 550 600 650 700 750 800 120 140

Wavelength / nm

Table 1

T
160

T T T T
180 200 220 240

Wavelength / nm

Stokes Shift and the location of the excitation and emission bands of the YPO4:M (M = Pr, Gd, Bi) phosphors and of the VUV reference material

BAM:Eu [28].

As-made phosphors Excitation bands [nm]

Emission bands [nm] Stokes Shift [eV]

BaMgAl;,0;,:Eu®" (reference) 170, 200, 250, 300, 340, 390

YPO,4:Pr 152, 155, 190, 225
YPO,4:Gd 152, 175, 202, 272, 308
YPO4:Bi 154, 170, 185, 225

453 0.44
235, 243, 260, 270 0.23
312 0.05
241, (335) 0.37

accordance with recent literature, assign as a conduction band charge
transfer (CB-CT) between the involved activator ground state and the
host material conduction band. YPO,4:Bi exhibits two additional ex-
citation bands due to electronic interconfigurational [Xe]5d"°4 f'*6 s* —
[Xe] 5d'°4 f'*6s'6p’ transitions by Bi**. We observe one poorly re-
solved excitation band around 180 nm (6.9 eV) corresponding to the 1s,
— 1P, transition (C band) extende by Bi®* - YPO, CB-CT, and another
lower energetic excitation band at 225 nm (5.5 eV) corresponding to the
1S, — 3P, transition (A band) [21,23]. The PL emission spectrum of
YPO,:Bi is governed by a relatively narrow emission band ranging from
approximately 225 to 275 nm and peaking at around 241 nm (5.2 eV)
which originates from the interconfigurational transition [Xe]
5d1%4 f'*6 sl6p1 - [Xe] 5d'%4 f'46 s2. It is more precisely assigned to the
electronic transition ®P; — 'S, typical for Bi®* as an activator cation
(at room temperature, at low temperatures >P, — 'S, emission is ob-
served at the same wavelength) [24]. Additionally, YPO4:Bi exhibits a
second, lower energetic broader emission band, with an onset at
275nm (4.5eV), a peak at 335nm (3.7 eV) and gradually diminishing
in intensity towards 500 nm. This band was originally assigned by
Blasse as the main band in 1968 [24]. The origin of that low energy
emission band, however, remains an issue of discussion in the recent
literature and was on the one hand attributed to a Y>*-Bi®** CT by
Boutineaud et al. whereas Srivastava et al. explained the emission band
to origin from Bi-pair or clusters [25,26]. The PL excitation spectrum of
YPO,:Gd reveals excitation bands peaking at 175 (7.1eV), 210 nm
(5.9 eV) and some sharp lines around 200 nm (6.1 eV), 272 nm (4.6 eV)
and 308 nm (4.0 eV). The origin of the broad bands is not clear as Gd3*
has no allowed f-d or charge transfer transitions between 150 and
250 nm. The sharp lines are assigned to 8s, o —> G, (200 nm), 8S, o —>
%I, (275nm), and 3S,,, — °P; (308 nm). The emission spectrum mea-
sured on YPO,4:Gd shows typical sharp 4-4f emission lines originating
from the °P,,, — S, ,, electronic transition typical for Gd**. The re-
spective narrow emission line shows a maximum at 312 nm (3.97 eV).
YPO,4:Pr exhibits a PL excitation spectrum which reveals excitation
bands corresponding to [Xe]4f>-[Xe]4f'5d" electronic transition of the
trivalent Pre* peaking at 155 nm (8.0 eV), 190 nm (6.5 eV) and 225 nm
(5.5eV). The PL emission spectrum is governed by a typically struc-
tured UV-C emission band originating from the [Xe]4f'5d'-[Xe]4f>
electronic transition, more precisely a transition of the 4f'5d" excited

state to the ®H; ground state manifold. The spectra are in good agree-
ment with reports in the literature [27]. Additional emission lines
peaking in the visible spectral range originate from Pr** centred [Xe]
4f2.[Xe]4f? (f-f) electronic transitions >P, — ®Hy and °F;. With regard to
the targeted application as VUV to UV-C converting phosphors, effi-
ciently transforming the UV-C excimer discharge emission peaking
around 172nm (7.2 eV) into the UV-C or UV-B, all herein discussed
phosphors exhibit nicely matching PL excitation as well as photo-
emission spectra. Table 1 summarizes the herein sicusses excitation-
and emission band positions as well as the resulting Stokes Shifts.

Fig. 4 presents the emission spectra which were measured from
YPO,4:Bi, YPO4:Pr, and YPO,:Gd containing Xe excimer discharge lamps
for operation conditions as described earlier. In order to give a first
rough impression about the lamp performance over operation time
Fig. 4 also shows a comparison of the initial lamp output near the be-
ginning and the end of the lifetime testing (typically around 700 h). In
addition to the characteristic emission lines and bands originating from
the incorporated phosphor species, all the lamp spectra show a NIR-line
emission in the spectral range 800-1000nm after aging. This line
emission originates from the Xe plasma discharge and is caused by
emission of atomic Xe® which is excited by collisions with electrons
within the discharge filaments. The respective lines are marked with
capital letters A to H in Fig. 4. In order to present an authentic lamp
spectrum which meets the demands of completeness regarding the true
spectral power distribution it would have been necessary to monitor for
wavelengths shorter than 200 nm, as the discharge vessel, although
internally coated with phosphor, may transmit a certain amount of VUV
irradiation originating from the Xe excimer discharge. Within the pre-
sent study this measurement was not possible owing to instrumental
limitations.

Remarkably, all the measured lamps regardless of the applied
phosphor (YPO4:Bi, YPO,:Pr, or YPO,4:Gd) exhibit a distinct reduction
of their UV output after aging, as indicated by the spectral comparison
of Fig. 4. For the YPO4:Bi and YPO,:Pr lamps, the integrated intensity
over the UV range (200 — 380 nm) are reduced by 64% and 69%, re-
spectively, after 768 h of operation. In the case of the YPO,:Gd lamp an
88% reduction after 600 h of operation was observed. The decrease in
UV output was monitored by recording the lamp emission spectra as a
function of operation time. Since the intensity ratio of the Xe NIR line
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emission to the VUV emission of the Xe excimer discharge (172 nm)
remains constant during lamp operation, we used the integral over line
A and B (920 - 930 nm) in order to correct the integrated lamp UV
emission to take a possible decline in initial plasma discharge intensity
into account. To remove data distortions arising from any intensity
changes originating from the excimer discharge upon the monitored
data, we calculated the ratio of the integrated phosphor spectrum in the
UV range or in a certain fraction of it to the integrated spectrum of the
IR lines A and B. The resulting degradation curves for the YPO,:Bi based
Xe excimer discharge lamp are shown in Fig. 5. Additionally to the
integrated and corrected integral over the UV-C range, Fig. 5 shows the
corresponding degradation values calculated by relating the integrated
and corrected UV-C intensities to the respective integrals for 24 h -
operation (normalized to 100%). We defined an operation time of 24 h
as the zero-degradation time standard t,, as manufactured lamps typi-
cally feature a significant increase in their recorded radiation output
within their first hours of operation, which tends to stabilize within a
24 h “burn-in period”. The inserted grey line indicates the so-called L70
value, which is often used as a lifetime metric for many light sources,
e.g. fluorescent lamps or LEDs. It is defined as the time by which a 30%
decrease in output intensity has occurred with respect to its initial
output intensity after to. For the YPO,4:Bi containing Xe excimer lamp,
operated in H,O (outer electron deficient lamp which is directly placed
and operated in water, see lifetime experiment description in the ex-
perimental part), the L70 amounts to approximately 230h of con-
tinuous operation. After 700 h of operation, the UV-C output decline
has reached 52%. Comparable results (L70 = 230 — 250 h) were ob-
served for YPO4:Pr and YPO,:Gd lamps. Considering that these results
are already corrected for any output reduction caused by changes
within the plasma discharge, this astonishing decline in UV-C output
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strictly points to a rapid and distinct degradation of the applied lamp
discharge vessel and other involved essential components, such as the
phosphor material.

This finding prompted us to carry out a detailed post aging analysis
of the recovered phosphor powders. Thus, the aged lamps were opened,
the phosphor material recovered by treatment with ethanol in an ul-
trasonic bath and subsequently dried at 80 °C at 1-10 ~ 3 mbar for at least
6 h. These samples revealed a significantly reduced reflectance in the
visible and in the UV range as depicted in Fig. 6. Also their emission
intensities are significantly reduced, whereas peak positions and width
remain unaltered. Based on the reduced reflectance over the respective
wavelength domain (UV-C/B range), we attribute this reduction in UV
yield to re-absorption processes. Furthermore, as documented in the
supporting materials section, none of the recovered materials evidence
any phase changes or formation of additional impurity phases. Inter-
estingly, however, the aged YPO4:Bi sample gives rise to a new ab-
sorption band at 480 nm (2.6 eV) not present in the initial material.
Based on comparable observations made in Bi-doped silicate glasses, we
tentatively attribute this new absorption to a reduction of Bi** to Bi®*
[29]. This conclusion is further supported by R. Awater et al., who
report in the formation and luminescence of Bi2* centres in YPO, upon
electron trapping from the conduction band by Bi®* centres [21].

For further insights into the degradation mechanism, we required an
interpretation of additional strong absorption bands, which show up
only after lamp operation. A strong indication that the host material
rather than the activator ion is the main responsible factor for the de-
gradation observed is given by the fact that the changes appear in-
dependent of the nature of the dopant ions. This conclusion is under-
lined by the fact that Gd** in particular is considered as a very redox
stable activator ion and the spectra for Gd-doped YPO, show the same
absorption bands in the UV.

These conclusions are further supported by the reflectance spectra
of a non-doped YPO, sample before and after lamp operation (see
Fig. 7). In this case, one observes a strong reduction of the reflectance
below 600 nm which culminates in the UV-C range at about 250 nm.
Based on these findings we conclude that the degradation process of
YPO,-based materials is predominantly governed by the modification of
the host material rather than by the presence or change of the redox
state of the activator ions. Only for YPO,:Bi** a dopant-related ab-
sorption band is observed around 480 nm and assigned to Bi*™.

To investigate if the VUV induced absorptions are related to struc-
tural transformations, PXRD and XPS measurements were done. As no
phase transitions or impurity phases could be observed within the de-
tection limits of our PXRD and XPS experiments (see supplementary
information, S16, S17), we conclude that the changes in the reflection
spectra must be due to specific defect species with rather large ab-
sorption cross sections.

As the discharge is in intimate contact with the phosphor layer,
we hypothesize that the processes contributing to the phosphor
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degradation include (1) the up-take of hot electrons and (2) the sput-
tering of the phosphor surface by Xe cations resulting in a loss of
oxygen. The latter process takes place if the phosphor surface is in the
cathode mode in such AC driven lamps, which means that Xe cations
are attracted by the surface giving rise to the so-called cathode fall
which involves accelerated Xe * cations with kinetic energies within the
range of some keV. The resulting formation of oxygen vacancies is
supported by the observation of the gas discharge volume, which de-
velops a green emission during lamp operation (see supporting in-
formation S13-S15). This green emission is attributed to “XeO* ” spe-
cies in accordance to literature [30,31]. The loss of oxygen from the
phosphor layer points to the formation of Oxygen vacancies, which can
be interpreted by the formation of PO;*, featuring trivalent phosphorus
(electron configuration [Ne]3 s?).

This assumption is in line with the PL spectra of degraded phosphor
powders as recovered from the respective lamps. Fig. 8 presents a
temperature dependent series of PL emission and corresponding PL
excitation spectra, as recorded for YPO,4:Bi, YPO,:Pr, and YPO,4:Gd as
well as for non-doped YPO,. It turned out that excitation into the novel
UV absorption bands of degraded doped YPO, (either Bi®**, Pr®*, or
Gd**) and as well non-doped YPO, yields a very broad deep red/NIR
emission band peaking between 650 and 800 nm, with an additional
shoulder at 550 — 600 nm observed only at measurement temperatures
below 175K. In addition to the broad banded emission, the emission
spectrum of YPO,:Pr shows typical 4-4f emission lines originating from
transitions from the *P; manifold to the ®H; and >F, states of Pr>* upon
348 nm excitation (Table 2). The deep red emission band shows an
excitation spectrum with two to three narrow bands with maxima lo-
cated in the UV range. The positions of the excitation bands appear to
be nearly independent on temperature although the structure visible at
low temperature blurs with increasing temperature. A close look at the
excitation and emission spectra of aged YPO4:Bi (Fig. 8, left) reveals
that the Bi dopant must be responsible for the excitation band located at
480nm (2.6eV). This is either caused by the PL of Bi** which

contributes to the monitored broadbanded deep-red/NIR emission or by
an energy transfer process between Bi*>* and the respective luminescent
centre, which we propose to be a trivalent phosphorus species.

Another peculiar detail which is revealed by the excitation spectrum
of YPO4:Pr is the presence of Pr’* related 4-4 f excitation lines at 449
(2.8eV), 452nm (2.7, *Hy4 — °P,), 472nm (2.6 €V), 474 nm (2.6 eV),
477 nm (2.6 eV), 488 nm (2.5eV), and 491 nm (2.5eV, *Hy — 3Py ;)
upon monitoring the PL at 735 nm. We explain these excitation lines to
origin from the observation of Pr** f.f luminescence, respective emis-
sion originating from the 3P, — ®F, transition of Pr** is observed at
around 735nm (see inset of Fig. 3, left). The recorded and herein
presented PL excitation spectrum thus displays PL excitation bands of
the new host related impurity centre as well as additional lines due to
common Pr** luminescence.

Overall, the spectroscopic findings on the aged YPO, phosphors
doped with Pr, Gd, or Bi and the comparison with aged non-doped YPO,
strongly point to a degradation process of the host being in contact with
the Xe excimer discharge. In order to further examine such hypothesis,
we extended the research to other non-doped ortho-phosphates, viz.
LuPO, and LaPQ,. LuPO, is isostructural to YPO, (Xenotime, tetra-
gonal, space group I4;/amd (#141)) whereas LaPO, crystallizes in the
monoclinic monazite type structure (P2,/n (#14)). Corresponding Xe
excimer lamps were constructed, aged under analogous conditions after
which the phosphor materials were recovered, and finally spectro-
scopically examined. Fig. 9 presents temperature dependent PL ex-
citation and emission spectra for comparison with the results obtained
on aged YPO, discussed above.

From Fig. 9 it is evident that the aged non-doped compounds YPOy,,
LuPO,, and LaPO, share crucial spectroscopic features, namely a set of
distinct UV excitation bands which give rise to a very broad band
photoluminescence, also peaking in the deep red spectral region.
Table 3 summarizes the excitation and emission maxima.

Sputtering by Xe™ as well as the impingement of electrons can
cause the formation of colour centres. Again, we propose that this
mechanism finally leads to the formation of P*>* centres, which is in
line with a reduction of P°* as the central ion of the PO,* tetrahedra,
which is the anionic building unit in YPO,4, LuPO4 and LaPQ,. In Fig. 10
the energy level scheme of P>* (an s species) is shown on the left and
excitation and emission spectra of an excimer aged sample of LuPO, are
shown on the right. The excitation and emission bands are assigned
based on this energy level scheme. The strong absorption is due to the
spin-allowed and parity-allowed 'So-!P; transition (C-Band). The
splitting in the band can be due to crystal field splitting (the symmetry
is lower than octahedral) and possibly a Jahn-Teller effect as is ob-
served in the more familiar s? ions Pb>* and Bi**. Following absorp-
tion in the 'P; level fast relaxation to the 3P0)1 lowest excited state is
followed by slow (spin-forbidden) emission to the 'S, ground state. The
3py—>P; energy speration will be extremely small as spin-orbit coupling
is weak for light elements as P. As a result, even at the lowest tem-
peratures the 3P, state will be (partially) populated and emission from
this level will dominate as the ®Py-'S, transition is more strongly
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Table 2

PL excitation and emission maxima shown by YPO,, YPO4:Bi, YPO,4:Pr, and

YPO,:Gd samples aged in an excimer discharge lamp (measured at 77 K).

Table 3

LuPO4 and LaPO, at 70 K.

PL excitation end emission maxima exhibited by excimer lamp aged YPOj,

Aged phosphor

Excitation maxima at 77 K

Emission maxima at 77 K

Aged compound

Excitation maxima at 77 K

Emission maxima at 77 K

[nm] [nm] [nm] [nm]
YPO, 297 / 395 ~~590 / 750 YPO, 297 / 395 ~ 590 / 750
YPO,:Bi 288 / 300 / 335 / 480 696 LuPO4 268 / 291 / 325 720
YPO,4:Pr 300 / 337/ 449 / 452/ 472/ 598*/ 602*/ 605*/ 612*/ LaPO,4 271 / 300 / 333 705

474/ 477/ 488/ 491" 617*/ 623*/ 735
YPO,:Gd 291 / 335 ~590 / 755
* indicates maxima originating from typical activator photoluminescence
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forbidden. Beyond that PL emission spectra taken from un-doped YPO4
(Fig. 8, Fig. 9), was well as the doped materials YPO4X (X = Bi™,
Pri*, Gd®*, Fig. 8) reveal a shoulder peaking between 550 and 600 nm
on the high energetic side of the deep-red ®P;-'S, emission band, which
we assign to 3p,-1S, emission. This shoulder was shown to be visivle
solely at measurement temperatures below 175K as with increasing
temperature a the non-radiative decay to emissive the 3P, state by
phonon assisted relaxation is progressively promoted.

To further test our hypothesis that the deep red emission is related
to P®*, luminescence decay curves were recorded. In Fig. 11 the pho-
toluminescence decay curves are shown for the 750 nm emission in
aged YPO, for a temperature range between 100 and 500 K. At 100 K
the emission life time is long, several ms. This is consistent with a spin-
forbidden 3P;-S, transition. Note that in the heavier s* ions (Sb>*,
Pb2*, Bi**) emission lifetimes are typically on the order of pus. The
stricter spin selection rule for the light P>* s? ion because of weaker
spin-orbit coupling can explain the long life times observed here. Upon
raising the temperature, the decay becomes faster in the temperature
regime where thermal quenching of the emission is observed. This is
due to the increased non-radiative decay which accelerates the decay
and reduces the light output. A detailed table listing the decay para-
meter obtained from performing double exponential fitting is to be
found within the supporting information (S 18).

To examine the involvement of paramagnetic centres in the aging
mechanism of the UV-emitting phosphors, continuous-wave (CW) X-
band EPR spectra were measured on six different MPO,4 samples. Fig. 12
summarizes the CW X-band EPR spectra of YPO4:Bi aged for 768 h,
YPO,4:Pr aged for 888h, of undoped YPO, aged for 432h and of of
undoped LaPO, aged for 456h. The X-band EPR spectrum of aged
LaPO, shows a lineshape typical of an anisotropic g-tensor. Similar
lineshapes have been previously reported for radiation-induced defect
centres in borophosphates [32], fluoride-phosphate glasses [33], and
silicates [34,35]. The local magnetic field originates from a non-cubic
environment that surrounds the paramagnetic centre, leading to a g-
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Fig. 12. Room temperature CW X-band EPR spectra of YPO,:Bi aged for 768 h,
YPO,:Pr aged for 888 h, YPO, aged for 432h and LaPO, aged for 456 h in Xe
excimer discharge lamps, and a control CW X-band EPR spectrum of an empty
EPR measurement tube. The simulated EPR spectrum of LaPO, (red) assumes an
S = 4 species interacting with the external magnetic field via an anisotropic g-
tensor with components g, = 2.0057 (0.003), g, = 2.0160 (0.012) and g,
= 2.0384 (0.034). Values in brackets denote Gaussian distribution widths
(strains) accounting for small local variations of the Zeeman interaction. The
CW X-band EPR spectra on the right for the aged YPO4:Bi and YPO,:Pr samples
were collected with a modulation amplitude of 1 G using a power of 0.08 mW at
T =90K.

anisotropy when an external field is applied. Fig. 12 includes a simu-
lation with g, = 2.0057 (0.003), g, = 2.0160 (0.012) and g, = 2.0384
(0.034), subject to Gaussian distributions that account for small varia-
tions in the local interaction parameters.

As depicted in Fig. 12, aged samples of undoped YPO,, of YPO,4:Bi
and YPO4:Pr show X-band EPR spectra in the same spectral region as
LaPO,. Their EPR line shapes are much more complex than that of aged
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Fig. 11. PL decay temperature map (100 — 500 K) recorded for excimer lamp aged YPO,4 under 340 nm excitation for the 750 nm emission.

458



M. Broxtermann et al.

Simulation

N

YPO,:Gd neat

YPO,:Gd aged

T T T
3000 4500 6000

B/G

T
1500

o

Fig. 13. Room temperature CW X-band EPR spectra: simulated (a) and mea-
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amplitude of 5G using a power of 0.32mW. For additional details see
Supporting Information.

LaPO,. For the Bi- and Pr-doped samples the spectra are virtually
identical. To examine whether these spectra arise from a single type of
defect or contain multiple components from various species of different
chemical nature, we tested for differences in relaxation behaviour by
varying the temperature and microwave power of the measurement.
Conducting such measurements over the range 90-300K and
0.08-1.26 mW we found no conclusive evidence for different types of
paramagnetic centres, however, this does not disprove the coexistence
of different types of defects. Nevertheless the close similarity of the EPR
spectra observed for YPO4:Bi and YPO,:Pr indicates that the para-
magnetic defects formed in these materials are very similar and un-
related to the element that is used as an activator. Furthermore, the
spectra closely resemble those obtained on an undoped YPO, sample
aged under similar conditions. The latter sample also shows some ad-
ditional features not present in the doped materials revealing different
relaxation behaviour. This result points to the presence of some addi-
tional defect in the undoped aged YPO,4 host compound that seems to be
suppressed in the doped materials. Altogether, our results point to the
same aging mechanism involving host structure degradation, in ex-
cellent agreement with the conclusion from the absorption and emis-
sion spectra discussed above. To clarify the nature of these defects
further, complementary low-temperature and pulsed EPR measure-
ments are currently conducted in our laboratory. In the presence of
P3*, we would have also expected a P** signal in the EPR spectrum as
a left-over from the conversion of P°* to P**. Such P** species were
recently observed by Ollier et al. in phosphate glasses as a doublet due
to the hyperfine interaction of the unpaired electron with the P-atom in
the PO3%~ion, showing hyperfine splittings between 300 and 1260 G
[36]. While our room temperature CW X-band EPR spectra of aged
YPO,:Bi gives no evidence for such a P** species, a large hyperfine
splitting of 500 G can be observed in Fig. 12 for both aged YPO, and
aged YPO,:Pr, which could be attributed to such a species.

The spectra of YPO4:Gd and 2856 h aged YPO,:Gd are shown in
Fig. 13. Gd®* experiences a zero-field splitting due to its group spin
S= 7/2 and the non-cubic local symmetry in YPO,:Gd. This interaction
is detectable at room temperature and can be measured to probe small
changes in the local environment of the activator ion if present. For this
purpose CW X-band EPR spectra of the samples YPO,:Gd and YPO4:Gd
aged were recorded. We find that the activator and its immediate en-
vironment are not altered upon aging. The spectra can be simulated
with the identical set of parameters, discussed in detail in the
Supporting Materials, based on previous single-crystal information
[37,38-40]. As the Gd®* signal completely dominates the spectrum
defects related to the host signal expected in the 3100-3800 G field
range cannot be detected in this case.

Journal of Luminescence 202 (2018) 450460

4. Conclusions

Microscale powders of YPO,4:Bi, YPO,:Pr, and YPO,:Gd are efficient
UV emitting materials upon VUV excitation and are thus of interest as
radiation conversion screens in Xe excimer discharge lamps. Even
though it was assumed that ortho-phosphates are resistant towards the
harsh conditions inside a Xe excimer discharge vessel, it turned out that
this assumption is not true at all. It turned out that YPO, and doped
YPO, micro-scale phosphor powders degrade just within several hun-
dred hours of Xe excimer lamp operation to such an extent, that com-
mercial use of such UV fluorescent Xe excimer discharge lamps is not in
close reach.

The main degradation pathway is a reduction of the reflectance in
the UV range accompanied by the formation of a novel luminescent
species. Our detailed analysis of degraded materials points to the for-
mation of an s*ion type species, which is in line with the type of ob-
served excitation and emission spectra as well as the with analysis of
the time dependent behaviour. However, a final proof of our hypothesis
requires further spectroscopic investigations, such as temperature de-
pendent EPR spectra and MAS NMR spectra of 3!P and ®°Y.
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