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Hypothesis

Glass phosphors activated by rare earth (RE) and transition metal (TM) ions have been
well accepted and they have broad applications in many areas, due to their unique
properties, e.g., easy mass production and easy fabrication into various shapes such as

10 Firstly, they have been widely used as laser materials.*™®

fibers and large size plates.
One good example is erbium doped fiber amplifiers (EDFAs), which have been commonly
used for telecommunication. Another example is Nd®* doped phosphate glasses which are
used as laser medium in extremely high power (terawatt scale) lasers. Secondly, they have
been widely reported in literature as red, green and blue emitting phosphors in combination
with near-ultraviolet- (NUV) and blue-light-emitting diodes (LEDs) to create white light
emission for solid state lightning.”® Thirdly, they also have great potential to be used as
spectral converters to improve the solar energy harvesting by up-, down-conversion, and
down shifting processes.”"

However, due to inhomogeneous broadening, the absorption and emission cross section
of the dopant ions in a glass are normally much smaller than in a crystal host.'""'* This
intrinsic disadvantage of glasses results in low external quantum efficiency (Mgqe) of
dopant ions and thus greatly limits their large scale applications in aforementioned areas.
Glass ceramics which combine the advantages of amorphous and crystalline phosphors are
attractive candidates to break this limit. As a prerequisite to get a practically usable glass
ceramic phosphor, the crystal phases must be deposited homogeneously in the glass body
(bulk crystallization), the crystal size must be controlled normally in nm scale, and dopant
ions must actually enter the crystal phases rather than remaining in the residual glass phase.
But glass ceramics which meet these conditions are rather limited. Fundamental for this
thesis is the anticipation, that the precipitated crystalline phases will be specifically
selected in order to stabilize RE or TM ions, provide a specific coordination environment
for Tm ions, and offer the possibility of intrinsic reduction of RE ions.">'® Consequently,
different types of silicate glass ceramics are developed to realize improved
photoluminescence (PL) properties of RE and TM ions activated glass ceramic phosphors.
In this thesis, the advantages and disadvantages of glass and glass ceramic phosphors in
their practical applications will be discussed in detail.

Glass ceramics containing Eu’" and Eu’" are especially interesting as control of the
relative Eu”" and Eu’" PL intensity may lead to glass ceramics with tunable dual-mode PL
of from blue (Eu*") to red (Eu’"). In order to incorporate and stabilize the relatively large

Eu’" and Eu’" ions (i.e., ionic radii of 117.0 and 94.7 pm, respectively, in octahedral
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sites'’) in the crystalline phases, glass ceramics with relatively large lattice sites are
selected, e.g., B\elAleizOg/LaB0318 and LiZZnSiO419. For BaAl;Si,0g/LaBOs; glass
ceramics, Eu’” species may be incorporated on La®" sites in LaBOs crystallites, which may
lead to enhanced PL intensity of Eu®". More interestingly, Eu®" species may also be
incorporated on Ba®" sites in BaAl,Si,Og crystallites. Like in crystalline phosphors, such
incorporation may reduce Eu’" to Eu?", which could be applied in tuning the dual-mode
PL.'"® Correspondingly, for Li,ZnSiO, glass ceramics, Eu’" species may be partially
incorporated on Zn”" sites in Li,ZnSiOy crystallites and reduced to Eu®". Both glass
ceramic systems may thus offer routes to obtain tunable dual-mode PL.

Li,ZnSi0;4 glass ceramic systems may also be used for the stabilization of TM ions, (e.g.,

2024 Normally,

Mn*" and V"), whose PL properties are sensitive to their local environment.
in a glass host, Mn>" ions are octahedrally coordinated ("*Mn”") and show a broad PL from
orange to red.”” During crystallization, Mn”" ions may be incorporated into the tetrahedral
Zn*" sites of the Li,ZnSiO; crystalline phase, enabling the relatively sharp green emission
of Mn?". Consequently, the ratio of [""Mn?*)/[Y"Mn*'] and the emission color may be
tailored by the degree of crystallization in this glass ceramic system.

The broad green PL (~400-700 nm) as well as broad excitation band (~200—400 nm) of
V°* allows its applications in many areas.”** Nevertheless, the knowledge on the PL
properties of V> doped glasses and in particular glass ceramics is limited, and the
luminescence is rarely observed. V°© may exhibit broad green PL band in glass host at
room temperature. It is expected, that the incorporation of V>* in the Li,ZnSiOy crystalline
phase may result in an enhanced PL intensity from V°',

The PL properties of Ni*" are strongly dependent on the coordination number (CN) of
Ni*"»" In general, there are three possible CN for Ni*" in solid matrices, but only
octahedrally coordinated “'Ni*" gives rise to broadband NIR PL, which permits its
applications in tunable lasers and optical amplifiers.”” Perovskite-type BaTiO; based glass
ceramics, which offers one potential octahedral Y'Ti*" (60.5 pm) site for V'Ni*" (69.0 pm)
ions, are chosen for the present study.'” Glass ceramic systems of this type may thus offer a
good way of controlling the CN of Ni*", which may lead to efficient NIR PL of V'Ni*".

In down-conversion processes, Pr’” ions are known as good sensitizers for Yb*" by
absorbing photons in the range of 415-505 nm and transferring the absorbed energy to
Yb*" ions, resulting in an emission at ~1000 nm.”® A borosilicate glass matrix is excellent
host material for Yb*" and Pr’" due to well controlled and homogeneous doping of Yb*"

and Pr’" ions.® It is expected, that precipitation of a crystalline phase (e.g., LaBOs>)

incorporating both Yb*" and Pr’* species will improve PL properties.
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Another potential sensitizer for the Yb>" ion is Mn®" due to its broad absorption band in
the range of 320-550 nm.2%?? Crystalline Zn,GeOy is chosen as host materials for Mn2+,
due to its broad absorption band in the range of ~280—400 nm, which can efficiently
transfer the corresponding energy to Mn®".** The absorbed energy of Zn,GeO,:Mn*" in the
UV-Vis region (280—550 nm) arising from Zn,GeO, host lattice and Mn”" jons is expected

to be transferred to Yb>" ions.



Abstract

Inorganic materials doped with RE and TM ions have attracted extensive attention over
recent decades owing to their wide applicability in phosphors, imaging, lasers and
displays.'™ In this thesis, silicate glasses and especially the corresponding glass ceramics
are used as host materials for RE and TM ions due to their easy fabrication, broad
compositional flexibility, high homogeneity, well-controlled dopant concentration, and
good optical activity for dopants.”*

The motivation of this thesis is given in the introduction, followed by the corresponding
background. The key conception of PL is then explained. Following this, the origin and
properties of PL induced by RE and TM ions are summarized. Thereafter, the background
of white light-emitting diodes (W-LEDs) and solar cells is presented. Finally, the history
and properties of the glasses and glass ceramics are reviewed.

The second chapter gives the results and discussions in the form of a list of publications
in peer reviewed journals. Firstly, tunable dual-mode and enhanced PL of mixed valence
Eu’*/Eu’" doped silicate glasses and glass ceramics are investigated. A glass ceramic route
of reducing Eu’" to Eu®" is demonstrated. During the controlled nucleation and
crystallization processes in a normal atmosphere, Eu’" ions are partially incorporated into
the newly deposited crystalline phases, (i.e., BaAl,Si,0s/LaBOs and Li,ZnSiO4), and
gradually reduced to Eu®" due to the charge compensation effect. Furthermore, it is
investigated how to obtain and control the band-type blue PL of Eu*" and the line-type red
PL of Eu’" in these glass ceramics by tunable ratio of Eu*’/Eu’". A mechanism for the
internal reduction of Eu’’ to Eu®' is proposed. For SiO,—Al,035—B,03;-Ba0O-La,;03
(SABBL) glass and corresponding BaAl,Si;Og/LaBO; glass ceramics, crystallization at
elevated temperatures also results in the enhancement of PL intensity and PL lifetime of
Eu’*’Dy state. Eu’" species are mostly incorporated on La’" sites in LaBOs crystallites,
whereas the Eu®" ions are located on Ba®" sites in the hexacelsian phase. For SiO,—Li,O—
Zn0O-Al,03-K,0-P,0s5 (SLZAKP) Li,ZnSi0,4 glass ceramic, tunable dual-mode PL can be
generated. The resulting PL color, ranging from orange/red to blue, can be tuned by
adjusting the annealing temperature and the degree of crystallization.

Secondly, tunable [“VMn*]/[V'Mn*] PL properties of Lis sy ZnMn,SiOy glass
ceramics are displayed. The PL color of Mn”" is sensitive to the local environment. The
Mn®" ions are octahedrally coordinated in the SLZAKP precursor glass and show broad
orange to red emission. During the controlled crystallization process, Mn”" can be partially

incorporated into the crystalline phase, which offers tetrahedral sites for Mn®" species,
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giving rise to the green emission of "Mn®". Consequently, the ratio of ["Mn*"]/[V'Mn*']
and the emission color can be tailored by the degree of crystallization in the glass ceramic.
It is demonstrated how such tuned dual-mode luminescence can be obtained in Mn*" doped
Li,ZnSi04 glass ceramics.

Thirdly, the investigations on broadband green PL of V" doped lithium zinc silicate
glasses and corresponding nanocrystalline Li,ZnS104 glass ceramics with possible use as
broadband UV-to-Vis photoconverters are presented. The V> ion shows a broad PL band
from 400 to 700 nm and is a potential green emitting activator center. In the investigated
glass system, visible PL from [VO4]> is centered at 550—590 nm and occurs over a full
width at half maximum (FWHM) of ~250 nm with a lifetime of ~34 us, depending on
dopant concentration and synthesis conditions. The corresponding excitation band covers
the complete UV-B to UV-A spectral region. After crystallization, a tenfold increase in the
emission intensity is observed.

Fourthly, broadband NIR PL of Y'Ni*" doped nanocrystalline Ba-Al titanate glass
ceramics from Ti0,-BaO-SiO,—Al,O3; (TBSA) glass is investigated. The CN of Ni" is
well controlled by the crystallization process. Ni*" ions are tetrahedrally coordinated in
precursor glasses, whereas Ni*-species are incorporated into the crystalline environment
in octahedral sites. The broadband NIR PL of Y'Ni*" spans the spectral range of 1.0-1.6 um
with a FWHM greater than 300 nm and a lifetime of ~60 ps. For UV-LED excitation at
352 nm, an internal quantum efficiency (nige) of 65% is obtained. Decay kinetics as well
as position and shape of the emission band can be adjusted by dopant concentration and
synthesis conditions.

Lastly in this chapter, down-conversion based on Pr’’/Yb’" and Mn®"/Yb*" pairs is
presented in two different systems. In the first system, down-conversion of one blue
photon to two NIR photons (~10,000 cm™") is obtained from the Pr’*/Yb*" co-doped SrO-
La,05—Al1,05-B,03-Si0; (SLABS) glasses and the corresponding LaBOj; glass ceramics.
Pr’"ions act as sensitizers by absorbing 415505 nm photons and transferring the absorbed
energy to Yb*" ions in a cooperative down-conversion process resulting in NIR emission at
~1000 nm. The energy transfer from Pr’* to Yb*" is indicated by decreased intensity of all
Pr’* PL lines and lifetimes of both Pr’*:’Pyand Pr’":'D; levels with increasing Yb*" doping
concentration. The optimal doping concentration of Yb,0O; for down-conversion is
~0.5 mol% and the highest total theoretical quantum efficiency is as high as 183% for
5mol% Yb*" doped glass. After crystallization, both Pr’" and Yb*" ions occupy the La®*
ion sites in the LaBOs crystal structure, resulting in improved PL properties. For the

second system, NIR down-conversion by Mn?"/Yb** pair in crystalline Znjoge-

VI



+Ge0y + 12::Mng 04 YD, is presented. In the Zn,GeOy lattice, intrinsic defect transitions and
Mn®" ions act as broadband spectral sensitizers by absorbing UV-Vis (280—-500 nm)
photons. The absorbed energy is transferred to Yb** ions in a cooperative down-conversion
process, resulting in NIR emission at ~1000 nm. The sharp decrease in the excited state
lifetime and the green PL from tetrahedrally coordinated "Mn®" with increasing Yb"
concentration reflects the efficient energy transfer from Mn*" to Yb’". Maximal energy
transfer efficiency (ETE) from Mn®" to Yb®" and total theoretical quantum efficiency of
63.8% and 163.8% are estimated, respectively.

The third chapter summarizes the thesis
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1. Introduction

1.1. Motivation

Oxide glasses and glass ceramics are well known host materials for RE and TM ions."” In
1961, one of the first solid state lasers operating at 1.06 um utilized Nd** doped glass.’’
Glass ceramics permit the use of all the advantages of glass processing, such as broad
compositional flexibility, high homogeneity, well-controlled dopant concentration and easy

51 During controlled heat treatment, one or more crystalline phases are

fabrication.
precipitated in the base glass matrix, preferably by internal nucleation without affecting
macroscopic geometry of the as-processed body. The properties of glass ceramic are
mainly determined by the precipitated crystallite species, which can be adjusted by the
glass composition and the applied annealing procedure. RE and TM ions can be
incorporated into these crystal phases because of the correlation of their ionic radii and
valence states to those of the atoms in the lattice sites. Consequently, PL properties can be
improved by multiple scattering at the glass-crystal interface, the changing of ligand field
around the dopants, the absorption cross-section of the dopants, and the phonon energy
(which, if decreased, may reduce the probability of non-radiative processes). These
changes may lead to increased PL intensity, enhanced nmige and longer PL lifetime of
dopants. As a prerequisite to get a practically usable glass ceramic phosphor, the crystal
phases must be deposited homogeneously in the glass body (bulk crystallization), and RE
and TM ions must actually enter the crystal phases rather than remaining in the residual
glass phase. However, glass ceramics suitable for hosting TM and RE ions can only be
obtained from a limited number of glass compositions. While some glasses are too stable
to crystallize; other glasses crystallize uncontrollable, resulting in undesirable
microstructures. In this thesis, several RE and TM ions activated glasses and glass
ceramics with controllable crystallization are studied systematically for improved PL
properties. More specifically, the controlled formation of glass ceramics from specific
systems with specific dopants will be applied in answers to a row of significant challenges
for glass ceramic phosphors.

Zukauskas et al.” reported that the optimal red light-emitting phosphors for a warm
white light-emitting diode (W-LED) with a high lumen output and color rendering should
have a narrow band emission with a FWHM < 30 nm in the spectral region of 615-655 nm.

The background of W-LEDs is shown in detail in Chapter 1.5. As efficient red light-



emitting phosphors, Eu’" doped inorganic materials meet these conditions.”> The PL
spectrum of Eu®" is composed of various sharp PL lines in the orange to red spectral region
arising from the intra-configurational parity-forbidden 4f — 4f electronic transitions.>*
Due to this shielding effect by the outer 5s* and 5p° shells, the 4f — 4f transitions of Eu’*
ions are independent on the host materials. Because a glass lacks a center of symmetry, the
4f orbitals of Eu’™ can mix with opposite parity orbitals.*® As a result, the red emission line
at ~610 nm due to the electric-dipole allowed transition of Eu’ "Dy — 'F, dominate the PL
spectra in glass phosphors, therefore, the PL of Eu’" doped glasses shows excellent red
CRLY

As an efficient light-emitting activator center, Eu*" shows a broad band-type PL due to

£.417% The outer 5d electron of

the spin-allowed inter-configurational transition of 5d — 4
Eu®" is not completely shielded by the surrounding ligands, and the position and width of
the PL excitation (PLE) and PL band is strongly dependent on its local environment. Eu*"
and Eu’" activated oxide glasses and glass ceramics possessing all the advantages of glass
processing could have potential advantageous application in phosphor-converted W-LEDs
(pc-WLEDs).“SJ‘7 However, europium exists mainly as their most stable trivalent oxidation
state in nature. Stabilization of Eu”" in host materials has been a research topic in last
decade. Four reducing strategies of Eu’" to Eu®" have been developed, and they will be
reviewed in chapter 1.3.3. A glass ceramic route to stabilize Eu”” is by intrinsic reduction
investigated in this thesis. The method may greatly improve the PL properties of Eu’” and
stabilize Eu”" in crystalline phases, resulting in tunable PL properties of Eu*"/Eu’".

Mn’" activated inorganic materials show a broad PL band varying from deep green to far
red due to the parity-forbidden transition of 3d — 3d. The emission color of Mn®" is

20-22 - 2+
In an octahedral environment, Mn™" presents a broad

sensitive to its local environment.
orange to red PL, whereas Mn®" shows a relatively narrow green PL in a tetrahedral
environment. Tunable dual-mode PL of Mn®" from green to red is expected, when the CN
of Mn®" can be controlled in a host material. The Mn”" ions are octahedrally coordinated in
the precursor glass, while during the controlled crystallization process, Mn®" can be
partially incorporated into the crystalline phase, which may offer tetrahedral sites for Mn*".
In this thesis, it is demonstrated how the CN of Mn®" and tuned dual-mode PL can be
obtained and controlled in Mn?>* doped Li,ZnSi104 glass ceramics.

V>* ions show a broad green PL band from 400 to 700 nm due to the relaxation of =V—
O to =V=0."** The corresponding PLE band from ~200 to 400 nm covers the complete
UV-B (280-315 nm) to UV-A (315-380 nm) spectral region. The broad green PL band as

well as broad PLE band of V°* from UV-A to UV-B allow its applications in many areas,



including solar energy harvesting, luminescent lighting, UV-detection and imaging.
However, the PL properties of V>" doped glasses and in particular glass ceramics are
seldom reported. In this thesis, it is demonstrated how dopant concentration and synthesis
conditions influence on the broad green PL band of V" in a V°* doped zinc silicate model
glass. Crystallization of the precursor glass is performed to further optimize the optical
properties of V.

The spectroscopic properties of Y'Ni*" doped glasses, glass ceramics and single crystals
have attracted great attention over the last decade due to the broad band-type NIR PL of
VINi**.2*? Efficient NIR PL has been reported on Y'Ni*" activated single crystals, (e.g.,
LiGasOg and MgF,).?® However, the complex fabrication processes and poor machinability
into special shapes severely limit their applications. Interestingly, these drawbacks can be
overcame by the glass ceramic route if the Ni*" species could precipitate into the
crystalline phase on octahedral sites rather than remaining in the residual glass phase, in
which they are fivefold coordinated. In order to ensure optical transparency and a high
crystallite volume fraction, the crystalline phase must be homogeneously distributed, with
crystal sizes of not larger than several tens of nanometers. With these objectives, nano-
crystallized Mg:,rGazOA;:wNi2+ and B-GazOg:wNi2+ glass ceramics featuring the efficient NIR
PL have been reported by Suzuki®’ and Zhou® respectively. However, for these phosphors
high cost of the raw materials (i.e., Ga,O3) limits their practical applicability. In this thesis,
a nanocrystalline Ba-Al hollandite (Ba;4(Al,45Tis552)O16) glass ceramic based on TBSA
glasses for V'Ni*" species has been studied.

Down-conversion of one UV-Vis photon of high energy to two or more NIR photons of
high energy is one of the potential routes to overcome the Shockley-Queisser limit of solar
cells by the modification of the solar spectrum to better match the solar cells.*>*
Considering the energy level of all Ln’", Yb*" has been recognized as the most suitable
candidate for down-conversion. Yb>" has only a single excited state “Fsj,, which allows
Yb* to pick up energy packages of ~10,000 cm ™', which falls in the range of the highest
spectral response of the solar cells. However, the Yb*" ion itself cannot absorb the high
energy light in the UV-Vis region. As a consequence, a sensitizer with an energy level
~20,000 cm™' and capacity to absorb high energy photons in the spectral region at 280—
550 nm is required to obtain an efficient down-conversion PL of Yb*". The background of
the solar cells and down-conversion is presented in detail in chapter 1.6. Various Ln’" ions
have been considered as sensitizers for Yb*", e.g., Pr’’, Er’", Nd*', Ho**, Tm’"and Tb>".**
>* Pr’* is chosen as a donorion to sensitize Yb>" for the following reasons. The absorption

bands of Pr’" ions cover a broad spectral window from 415 to 505 nm in the blue region



due to the successive energy levels of Pr3+:3PJ(J=0, 1and2). More importantly, these
absorption bands are close to the maximum radiation of the solar spectrum and located at
approximately twice the absorption energy of Yb’":*Fp; — “Fys (~10,000 cm™). The
precursor SLABS glass is selected in view of its high compositional flexibility for well-
controlled and homogeneous doping. Interestingly, LaBOj; crystallites could precipitate by
controlled nucleation and crystallization.”” Due to the equivalent charge and similar ionic
radii of La’ (1.16 A, CN=9), Pr’* (1.13 A, CN=9) and Yb*" (0.99 A, CN=09), it is
expected that the dopant species could readily be incorporated into the lattice of crystalline
LaBOs, which might result in improved PL properties.'’

The Ln’" ions show a narrow PL and low absorption efficiency due to their
characteristic parity forbidden 4f — 4f transitions with an oscillator strength of ~10°°. As a
result, only a small fraction of the sunlight in the UV-Vis region can be absorbed.
Therefore, it is important to explore new kinds of donors, which show high absorption
efficiency in the spectral range of 280-550 nm, and then efficiently transfer the absorbed
energy to Yb" ions through down-conversion processes. In this thesis, the 3d TM ion
Mn?* is explored as sensitizer for Yb*". Its excitation bands cover a broad spectral
window from 350 to 500 nm.”*** The position of the first excited state of Mn*":*T,(*G)
(~21,000 cm™") is approximately twice the absorption energy of Yb’':*Fp; — “Fus
(~10,200 cm ™). Willemite-type zinc orthogermanate (Zn,GeOy) is chosen as a host
material for ""Mn®" to enhance the absorption efficient of Mn*" in the spectral region of
300-400 nm.?* In this thesis, energy transfer from Mn>" to Yb*" and from Zn,GeO, to Yb**
via Mn®", are investigated.

The background of this thesis is structured as follows. Firstly, the key conception of PL
is explained. Afterwards, the origin and properties of PL induced by RE and TM ions are
summarized, followed by an overview of the background of W-LEDs and solar cells.

Finally, the history and properties of the glasses and glass ceramics are reviewed.

1.2. Photoluminescence

The term of “luminescence” was first introduced by a German scientist Wiedemann in
1888.7 Luminescence means the emission of light by a material with energy beyond
equilibrium after absorbing excitation energy.'*”>>° The role of the luminescent materials
is absorbing the energy from the excitation sources and then transferring the absorbed

energy into light emission in the UV-NIR region. Luminescent inorganic solid state



materials are also termed as phosphors. Many kinds of luminescence can be classified
according to the nature of the excitation sources, such as:

e photoluminescence (induced by photons),

e clectroluminescence (induced by electrochemical reactions),

e chemoluminescence ( induced by chemical reactions),

e bioluminescence (induced by biochemical reactions in a living organism),

e piezoluminescence (induced by pressure)’’, and

e triboluminescence (induced by mechanical stresses).”®

The photon-induced luminescence, i.e., photo-luminescence (PL) will be discussed in
detail in this chapter. Normally, X-ray, cathode ray, UV-Vis light and NIR light are used as
the excitation sources to excite the phosphors.

According to the luminescence mechanisms, the luminescent materials can be sub-
divided into two groups: metal ion activator based and non-activator based luminescent
materials.” Metal ion activator based luminescent materials are host materials doped with
relatively small amount of impurity centers, typically a few mol% or less. TM (e.g., Mn*"
and Ni*") and RE (e.g., Ce’", Eu’" and Yb’") ions with rich energy levels normally serve as
activator centers. Most luminescent materials are based on this type. In the second group of
materials, luminescence is caused by semiconductors or defects. The luminescence of
semiconductors derives from the band-to-band excitation between defect states within the
bandgap.'* The metal ion activator based luminescent materials will be discussed in
detail in the following.

In general, the process of PL involves three main steps: energy absorption, energy
transfer, and emission."” The excitation energy can be absorbed both extrinsically by the
host materials and intrinsically by the activators. Subsequently, the absorbed energy is
transferred to the individual excited state of the activators. The relaxation from the excited
energy level to the lower lying energy level of the activators results in the final emission.
The energy levels and possible transitions of RE and TM ions will be explained thoroughly
in chapter 1.3 and 1.4.

The PL properties of a phosphor are mainly characterized by the absorption spectrum,
PLE spectrum, PL spectrum, PL decay curve, and quantum efficiency.'> A PLE spectrum
is obtained by monitoring the PL at a constant wavelength and scanning a range of
excitation wavelengths. Normally, the PLE spectrum of a luminescent material is almost

identical to its absorption spectrum. The maximum PLE wavelength is used to excite the



phosphor to get the corresponding PL spectrum. Thus, a PL spectrum is obtained at a fixed
excitation wavelength, and recording the PL intensity as a function of wavelength.**¢'

Under the excitation of an UV or a visible photon, the valence electron is excited from
the ground state to an excited state. The excited electron will stay at the metastable excited
state for a short time before decaying to a lower lying excited state or returning back to the
ground state by emission of energy in the form of a photon or by heat. The average time an
electron stays in its excited state before relaxing back to the ground state is the decay
lifetime of the excited state.' Lifetime is normally determined by the decay curve, which
is measured after excitation with a short pulse of the excitation sources and recorded as
time dependent PL intensity. It typically follows a first exponential function,

1= Ipexp(-t/t) (D)

where /(2) is the PL intensity at a given time, /is the initial intensity, and 7 is the lifetime
of the active centers.®”*'
According to the duration of the decay lifetime, PL can be divided into two types:

55,62
phosphorescence and fluorescence.™

In most PL processes, luminescent materials emit a
photon immediately after absorbing a photon. Such PL process is fluorescence, a short-
lived luminescence with decay times of lower than 10 ms. Unlike fluorescence,
phosphorescence stores up the absorbed light and emits it gradually. Thus it results in a
long-lived luminescence with decay times of more than 100 ms.”>*

For a normal luminescence process, the emitted photon has a lower energy than the
absorbed photon, and the energy difference is described as Stokes shift.”® It is mainly
caused by the vibrational relaxation (non-radiative decay to the lowest vibrational energy
level of the excited state) and the tendency of the electron to relax from the excited state to
the highest vibrational level of the ground state. If the emitting photon has a higher energy
than the absorbed photon, such process is called anti-Stokes shift.*> Up-conversion which
will be discussed in 1.6.2 is an anti-Stokes shift process.

The conversion efficiency of phosphors is an important parameter for luminescent
materials. External quantum efficiency (meqg, also known as quantum yield) is defined as
the ratio of the number of emitted photons to the number of input photons, while internal
quantum efficiency (nigg) is defined as the ratio of the number of emitted photons to the
number of absorbed photons.”* A good phosphor should absorb the excitation light
efficiently and transfer the absorbed energy to light-emission as efficiently as possible, i.e.,
the nege should be as large as possible.

When electrons are excited, they decay from the excited state to the lower lying excited

state or ground state through competitive radiative and non-radiative decay processes



(including vibrational relaxation and collisional quenching). The decay rate of k (units s )

can be written as:’
k =k, + Ky (2)

Where, k; and ky, are the radiative and non-radiative decay rate, respectively. If N is the
population density of the luminescence activator center in the excited state, the temporal

evolution of the excited state can be expressed as:
dN/dt = —(k; + ky)N (3)
The PL lifetime can be evaluated by:
T=1/(k: + kpy) 4)

It is worth to note that the measured lifetime T which combines radiative and non-radiative
processes can be evaluated by the intensity decay curves. The fraction of radiative
transition that contributes to the total transitions is k./(k: + ky), thus the mige can be

calculated by:
NIQE = k,/ (kr + knr) =1/T]R (5)

Where, tr = 1/k; is the radiative lifetime in the absence of the non-radiative processes.
However, the radiative lifetime cannot be experimentally determined. It can be evaluated
either by the Judd—Ofelt (J-O) theory or by low temperature measurements.”

By the energy gap law proposed by van Dijk and Schuurmans,®”” the non-radiative

relaxation rate can be estimated from the following equation:
knr = ﬁel(_a(AE - hwmax)) (6)

Where, S and a are constants for a given host lattice, AE is the energy gap between the
considered energy levels, and 7w,y is the maximum phonon energy of the host material.
For two given energy levels of a luminescent center, non-radiative relaxation will dominate
the relaxation process when the energy gap AE is lower than five times that of the @max of
the given host. Whereas, if the energy gap AE is more than five times that of the imax of
the given host, the relaxation process will be dominated by radiative relaxation.

The maximum phonon energy of several inorganic host materials is summarized as
follows: iodides (~160 cm™") < bromides (~175-190 cm ') < chalcogenides (~200-300 cm™
" < fluorides (~500—-600 cm ") < tellurites (~600—-850 cm ') < germanates (~800-975 cm )
< silicates (~1000—-1100 cm ') < phosphates (~1100 cm™') < borates (~1400 cm ').*® In
general, the host materials with low maximum phonon energy prefer doping with TM and

RE ions due to the low probability of the non-radiative multi-phonon relaxation between



two closely spaced energy levels, leading to high PL efficiency. For instance, fluorides
such as LiGdF4:Eu*" and SrF,:Pr’*/Yb’" with a maximum phonon energy of ~500 cm™' and
400 cm ' show a high theoretical quantum cutting efficiency of ~190% and ~200%,
respectively.®”®® However, inorganic materials with low phonon energy, such as iodides,
bromides, chalcogenides and fluorides, exhibit poor chemical and thermal stability which
greatly limit their applications.”’ The high price of tellurites and germanates also impedes
their applications to a large scale. For other oxide phosphors with low price and excellent
chemical stability such as silicates, phosphates and borates, normally at least 8 phonons are
needed to bridge the energy gap for normal visible and NIR PL. Consequently, oxide
phosphors are the most promising hosts for RE and TM ions for visible and NIR PL
applications.

Besides the phonon energy of the host material, water content can significantly increase
the non-radiative relaxation rate and thus greatly weaken radiative transitions of RE and
TM ions.”” For example, only one or two incorporated hydroxyl group (OH") ions are
enough to bridge the gap between 4111 » and 4113/2 of Er3+, which is the typical transition for
~2.7 ym PL of Er’".”! Thus, residual OH concentration should be kept to a minimum,
especially for the NIR and MIR PL.

Due to the abundant energy levels and thus plentiful possible electronic transitions in a
broad energetic range, RE and TM ions activated inorganic luminescent materials (such as
poly-crystals and glasses) to date have drawn more and more attention. They have found
extraordinary wide applicability in lighting, batteries, magnets, phosphors, catalysts, lasers,
superconductors, pigments, displays, optical communications, data storages, biological
imaging and various other fields."”’? In the following part, the origins and properties of the

abundant PL colors for RE and TM ions will be reviewed.

1.3. Rare earth ions

RE ions, also known as lanthanides (Ln), are a group of 15 geochemically similar elements
from lanthanum (La, atomic number 57) to lutetium (Lu, atomic number 71) with an
electronic configuration of 4f"5s%5p® (n=0 La to 14 Lu), only differing in the number of
4f(n) electrons.”*

RE ions are valuable, but not really rare in the earth’s crust despite their name. For
instance, the most abundant RE, cerium is the 25" most abundant element in the earth’s
crust (60 ppm) as common as copper.” The least abundant RE Tm (0.53 ppm) is ~170

times more abundant than gold. Unfortunately, RE ions tend to disperse and are not found



concentrated in exploitable ores. As a result, they are only available from very limited
sources and produced in a few countries (over 90% of world’s RE ions production is
supplied by China at the moment).” Besides, complex production procedures of milling,
refining and recycling of RE ions also contribute to their high price.

The diverse electron arrangements of the partially filled 4f shell result in abundant
energy levels in the UV to MIR spectral range, and thus unique optical and magnetic
properties of RE ions.”! There are 14!/[n!(14-n)!] possible configurations (e.g., up to 3432
for Gd*") for the gradual filled inner shell of 4f in 14 possible orbitals and all
configurations have different energies.’*

In general, there are three types of electronic transitions for RE ions: (I) 41" < 4£", (II)
4f" > 5d4f"", and (IIT) charge transfer (CT) transitions.”

D). 4f" <> 4f" transitions

The faint intra-configurational 4f" <> 4f" electronic transitions are parity forbidden by
the Laporte selection rule, because there are no changes in the dipole moment inside the 4f"
configurations. However, 4f" <> 4f" transitions of Ln’" can be observed due to the fact that
the interaction of the Ln®" ions with the crystal field or with the lattice vibrations could
admix different parity states into the 4f" states.”® Consequently, Ln’" ions show relatively
weak absorption coefficients by direct excitation within the 4f" levels, in the order of 10~
2l cm?, and slow emission rates leading to their characteristic long lived and sharp line-type
emission with high purity emission color.'” Generally the use of sensitizers is required to
overcome the problem of weak absorption efficiency of the 4f" «» 4f" transitions of Ln’"
ions. The sensitizers absorb the excitation light, transfer the absorbed energy to the
surrounding Ln’", and then the activated Ln®" emits light. The energy transfer process from
sensitizers to Ln’" is very complex, involving several mechanisms and energy levels, and
will be discussed in 1.3.1.

ID). 4f" — 5d4f™ ' transitions

Contrary to the 4f" <> 4f" transitions, the 4f" < 5d4f™" transitions are allowed by the
parity rule and are characterized by broadband excitation/emission with relatively high
absorption efficiency. However, the 4f"'5d configurations of Ln’" ions (with
energies > 50,000 cm ', A < 200 nm) are isolated and located at higher energy than the 4"
configurations of Ln*" ions, except for Ce>" (>32,000 cm™', A <310 nm), Pr’" and Tb*>"
(> 40,000 cm ™', L <250 nm).”” Whereas, for divalent lanthanide (Ln®") ions, the 4f*'5d
configurations are located at a lower position than that of the corresponding Ln®" (4f") with
the same electronic configurations. Thus, the 4f" «> 5d4f" transitions are easily observed

+ .
for Ln*" ions.



III). CT transitions

Both transfers from ligand to metal and from metal to ligand belong to this type. Like
4f" <> 5d4f"" transitions, they are allowed by Laporte selection rule and characterized by
broadband excitation/emission. They present relatively high absorption efficiency
comparable to the 4f" <> 5d4f"" transitions. For Ln’" ions, the transition energy of CT
transitions is usually higher than 40,000 cm™' (A < 250 nm) and only CT bands of Eu’" and

Yb** are commonly observed. While, for the Ln*" ions (e.g., Sm2+, Eu2+, Tm*" and Yb2+),

it occurs as low as 30,000 cm ' (A= 330 nm).
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Fig. 1. Energy levels diagram for light (a) and heavy (b) RE ions from Ce’* to G&’*, and from Th**

In nature, RE ions exist mainly as their most stable trivalent oxidation state with a 4f"
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depending on their electronic structure and valence state: (I) line-type PL from the intra-
configurational 4f" — 4f" transitions, and (II) the band-type PL from the inter-
configurational 4f"'5d — 4f" transitions.”' Generally, all Ln’" ions except Ce’" belong to
type I, while Ln*" ions (e.g., Sm*", Eu*", Tm*" and Yb*") along with trivalent Ce’" are
attributed to type II.

The partial filled 4f orbitals of Ln’" are well shielded by the outer filled octet of
electrons in the 5s® and 5p° shells. Due to this shielding effect, the 4" — 4f" transitions of
Ln’" ions are normally independent on the host materials, whereas only the intensities and
fine structure of these transitions vary for different host materials.*' Additionally, there is
a very small Stoke’s shift for the 4f" — 4f" transitions. The electronic states are denoted as
the Stark levels of 2"'L; for 4" configuration electrons of Ln3+, where, S, 2S+1, L and J
are the spin angular momentum, the maximum number of different possible states of J for a
given (L,S) combination, the orbital angular momentum and total angular momentum,
respectively. S and J represents 0, 1/2, 1, 3/2, etc., while L is equal to 0, 1, 2, 3, 4, 5, 6, etc.,
nominated by S, P, D, F, G, H, etc., respec‘[ively.50 Additionally, the energy levels of Ln**
can be split by ligand-field effects into several Stark sub-levels, which can be determined
by the site symmetry of Ln’". The energy level diagrams of the Ln’" ions from Ce’" (4f') to
Yb'" (4f?), ie., so-called Dicke diagram, is shown in Fig. la and 1b.”® Due to the
aforementioned shielding effect from the outer 5d°6s® shells, the energy scheme of the Ln®"
ions is almost independent on the host crystal. Thus, by applying the Dieke diagram, we
can predict the PLE and PL spectra of Ln*" ions. The emitting color of the Ln*" ions occurs
over a wide spectral region from UV via visible to NIR, even up to MIR, upon UV to NIR
light excitation. For instance, Gd>" shows NUV emission, Tm>" shows blue emission, Tb*"
and Dy’ show green emission, Sm>" shows orange emission, Eu’" and Pr’" show red
emission, Yb3+, Er3+, Nd3+, Sm3+, Pr3+, Ho>" and Tm>" exhibit emission in the IR region
from 0.8 to 5 um (Fig. la and 1b)."”?

The energy separation between 4f"'5d and 4f" configurations of Ln*" ions is smaller
than that of Ln’" jons with the same electronic configurations. Thus, Ln*" ions containing
one more f electron (e.g., the Sm*" ion has identical electronic configuration as the Eu’"
ion, the next element in the periodic table) show dipole allowed inter-configurational
transitions of 4f"'5d — 4f".7! Differently from the 4f" — 4f" transitions, 4f"'5d — 4f"
transitions obey the parity selection rules of Al=1. Therefore, they are electric-dipole
allowed and consequently very fast. The PL properties of Ln”>" ions are characterized by
large absorption and emission cross-sections with short lifetime. Additionally, unlike the

shielding effect for the 4f" — 4f" transitions of Ln’" ions, 5d electrons are unshielded by
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the outer orbitals, and the strong electron-phonon coupling results in broad absorption and
emission bands, which are sensitive to local enviroment.”' In addition, band-type PL of 4f"
'5d — 4f" transitions show a large Stoke’s shift, differing from the line-type PL of
4f" — 4f" transitions. Therefore, Ln’" and Ln®" ions show different PL properties, which
will be discussed separately in 1.3.2 and 1.3.3, respectively.

So far, RE ions are used as dopants in different inorganic materials, such as crystals,
glasses, ceramics and glass ceramics. They play very important roles in modern lighting
and displays, finding usage in tube lighting, W-LEDs, plasma display panels (PDPs),
cathode ray tubes (CRTs), field emission displays (FEDs) and liquid crystal displays
(LCDs),5:5256.79

1.3.1. Energy transfer

Absorption can be sub-divided into two types: ground state absorption (GSA) and excited
state absorption (ESA).®*" GSA is defined as the process by which an electron jumps from
the ground state to an excited state after absorbing energy. It is characterized by the
absorption coefficient a and the GSA cross-section 6gsa, which indicates the ability of an
active ion to absorb a photon in a fixed wavelength. These values can be calculated from

the absorption spectrum using the Lambert-Beer law.
I()\.) — Io(x)efa(ﬂ)d — IO(X)efnJGSA(/l)d (7)

Where, /() is the intensity transmitted through the samples, /y(A) is the intensity in front of
the samples, n is the ion concentration, a(4) is the absorption coefficient, ogsy is the
absorption cross-section, and d is the thickness of the samples. The GSA offers
information about the energy level structure of the active ions and the oscillator strengths
(defined as the strength of a fixed transition between levels) of the observed transitions.*
Whereas the ESA occurs when the absorption of excitation energy from an excited state to
a higher excited state.

The absorbed energy of an activator ion can migrate between identical ions or transfer
from one ion species to another, i.e., by energy transfer, which occurs between a sensitizer
and an activator. For an energy transfer process, a sensitizer absorbs excitation light, and
then transfers the absorbed energy to an activator that emits the desired light. Generally,
there are four basic mechanisms for the energy transfer from a sensitizer to an activator

(Fig. 2).8"%
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I). Resonant radiative energy transfer, i.e., the emission of the sensitizer is reabsorbed by
the activator;

IT). Resonant non-radiative energy transfer between sensitizer and activator;

IIT). Multi-phonon assisted non-radiative energy transfer process; and

IV). Cross-relaxation between two identical ions.

— S I T —
s A S A S A s A
()] () (1 (V)

Fig. 2. Four basic mechanisms for the energy transfer from a sensitizer to an activator. (I)
Resonant radiative, (1) resonant non-radiative; (I11) multiphonon assisted non-radiative; and (IV)

cross-relaxation energy transfer. S: Sensitizer and A: Activator.

The neqe of the resonant energy transfer (I) depends strongly on how efficiently the
activator emission is excited by the sensitizer emission. Therefore, a large overlap between
the PL spectrum of the sensitizer and the PLE spectrum of the activator is required for (I).
If the radiative energy transfer (I) dominates the energy transfer process, then the PL
lifetime of the sensitizer does not change with the activator concentration. On the contrary,
if the non-radiative energy transfer process (II) dominates the energy transfer process, the
PL lifetime of the sensitizer strongly decreases upon increasing the activator concentration.
Most Tb*" doped phosphors used in fluorescent lamps are sensitized by Ce®” via an energy
transfer process (I1).”* Taking CaSO,:Ce’",Tb*" for example, Ce’" efficiently absorbs the
UV excitation energy, and then the absorbed energy is transferred to Tb** by non-resonant

energy transfer, resulting in efficient green light-emission of Tb*".®
1.3.2. Line-type 4" — 4f" PL

1.3.2.1. 41" — 4f" line-type PL in the visible region
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Ln’" doped phosphors are of great importance for the modern solid state lighting due to
their efficient and abundant PL lines in the visible range. The main line-type PL bands of
Ln’" in the visible region are reviewed as follows:

Pr’* (4f)

Pr’" ion with an electronic configuration of 4f is an efficient red light-emitting activator.
The PL lines of Pr’" in the visible region cover a broad spectral region of 480—800 nm with
green emission originating from 3 Py excited state, i.e., prt3 Py — 3 H4 (~500 nm) and
Pr’*:*Py — *Hs (~550 nm), and with red emission arising from both *Py and 'D, excited
state, i.e., Pr’":’Pg — *Hg (~628 nm), Pr’*’Py — °F, (~667 nm), Pr’*:’Py — °F; (~705 nm),
Pr’":*Py — °F4 (~745nm), and Pr’":'D, — *H, (~612 nm) under intrinsic PLE line at
~440 nm (Pr'*Hy — °Py) (F ig. la).”® Normally the red PL line at ~610nm
(Pr’":>Py — *Hy) dominates the PL spectra of Pr’*, e.g., in CaTiO3:Pr’" (Amax = 613 nm).*®

Sm’* (4f%)

Sm’®" with an electronic configuration of 4f° exhibits the typical orange to red line-type
emission with four individual lines centered at ~570, 610, 645 and 725 nm corresponding
to the intra-configurational parity-forbidden 4f° — 4f° electronic transitions from “Gs, to
6H5/2, 6H7/2, ®Hy, and 6H11/2, respectively (Fig. 1a) under the intrinsic excitation line of
Sm®" at ~405nm (Sm’":°Hs, — °Psp). This has been reported by Jin et al. in
MMo0O,:Sm®" (M = Ca, Ba, and Sr).* The red PL line at ~610 nm (Sm>":*Gs;, — °Hyp)
shows the strongest intensity. The quantum efficiency of Sm®" doped phosphors has been
rarely reported.

Eu’" (4f°)

Eu’" with an electronic configuration of 4f° has been proved to be an efficient red-
emitting activator ion.”*>* One good example is the commercialized Y,03:Eu®" phosphor
that shows efficient red emission under UV light excitation, involving an extrinsic CT from
O to Eu’*.** The intrinsic excitation bands of Eu’" are located close to the maximum
quantum efficiency of NUV- and blue-LEDs, thus representing potential candidates for pc-
WLEDs. The PL spectrum of Eu’" is characterized by a variety of sharp PL lines in the
orange to red spectral region due to the intra-configurational parity-forbidden 4f° — 4f°
electronic transitions from non-degenerate Dy level to 7FJ(J=0, 1,2,3and 4) levels of Eu’’ (Fig.
1a).>** In principle, the electric-dipole allowed transition of Eu’":°Dy — F, in the red
region depends strongly on the symmetric environment around Eu’" sites, whereas the
magnetic-dipole allowed transition of Eu’":>Dy — 'F; in the orange region is independent
on the local environment of Eu’" sites.*®>’ If the charge density distribution is symmetric,

the orange line of Eu’":’Dy — 'F; dominates the Eu’" PL. But if the charge density
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distribution is asymmetric, the red line of Eu’"°Dy — 'F, dominates the Eu®>" PL. Thus, the
relative PL intensity ratio R (Igp/Imp) of electric- and magnetic-dipole allowed transition,
termed “the asymmetric ratio”, can serve as a site symmetric probe to evaluate the ligand
symmetry of the Eu’" sites.”® Low value of R means high ligand symmetry and low bond
covalence of Eu’" sites. So far, the commercialized Eu’"-based red phosphors such as
Y,0,S:Eu’" are still insufficient for W-LED applications mainly because of their poor
chemical and thermal stability, as well as their environmental unfriendliness.” So it is
urgent to develop new kinds of Eu’" activated inorganic red phosphors for W-LEDs
combined with NUV- or blue-LED chips with high quantum efficiency, good color
rendering and high photo-stability.

Tb*" (4f%)

Tb>" doped inorganic phosphors are well-known for their intense blue or green light
emission depending on the doping concentration of Tb>". The abundant line-type PL of
Tb>" arises mainly from the intra-configurational parity-forbidden 4f° — 4f° electronic
transitions of Tb*":°D; — 'F, (J=2,3,4,5 and 6) in the blue region and 6> Dy — 'Fy
(J =3, 4, 5 and 6) in the green region (Fig. 1b).5°# For the phosphors doped with low Tb>*
concentration (< 1 mol%), the blue light of Tb>":’D; — 'F; (J =2, 3, 4, 5 and 6) dominates
the emission spectra. Whereas, for the phosphors doped with high Tb*" concentration (> 5
mol%), the cross relaxation of °D;— °D, occurs with increase of Tb’" doping
concentration, due to the interaction between Tb>" ions, resulting in the dominant green
emission of Tb*"°Dy — "F; (J =3, 4, 5 and 6).*”* For example, depending on the doping
concentration of Tb®>", both Li(Y,Gd)(PO3)sTb’" and CagLn,- TbNay(PO4)sF2:Tb>"
(Ln = Gd,La) phosphors show tunable blue-green emission color.*” ™ Among the PL lines
from the *D, state, the magnetic dipole allowed transition (AJ = 1) D4 — 'Fs at ~544 nm is
more intense than the other green PL lines of Tb’". As mentioned before, Ce’" ion is
normally used as sensitizer because of the relatively weak absorption intensity of Tb*".

Dy*" (41)

The tunable line-type PL of Dy*" in the visible region mainly consists of two parts, the
Dy’:*F29 — ®Hj3, transition in the yellow to orange region (550600 nm) and the
Dy3+:4F2/9 — SH,s), transition in the blue region (460-500 nm) together with some weak
lines at longer wavelengths (Fig. 1b).86’9°’91 The yellow emission of Dy3 :4F2/9 — 6H13/2
belongs to the hypersensitive transition with AJ=2, and is an electric-dipole transition
strongly influenced by the ligand field environment of Dy’*, whereas the blue emission of
Dy ":*Fy0 — ®Hjs, is a magnetic-dipole transition independent on the ligand field

environment. Consequently, like the aforementioned emission intensity ratio
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(5D0 — 7F2/5D0 — 7F1) of Eu3+, the intensity ratio (4F2/9 — 6H13/2/4F2/9 — 6H1 sp) of Dy3+
can also be used as environmental probe to detect the local symmetry.”® Interestingly, Dy’
can emit white light with suitable blue to yellow intensity ratio by tuning the Dy** doping
concentration and the ligand field of the host materials.*****"

Tm®* (4f2)

The Tm’" ion with an electronic configuration of 4f'> shows efficient blue light-emission.
The line-type PL of Tm’" is located at ~455 nm in the blue region owing to the 'D, — °F,4
transition of Tm>* together with some weak PL lines in the red region (at ~650, 700, and
775 nm, attributed to the Tm’":'Gs — *Fs, Tm’"’F; —» *Hs, and Tm’":'G4 — *Hs
transitions, respectively) under the excitation of the intrinsic PLE line at ~360 nm
(Tm*"*H¢ — 'D,), which matches the NUV-LEDs (F ig. 1b).” One good example is
LaOCl:Tm’".”* The blue emission of Tm®" with appropriate lifetime and color-rendering
properties suggests its potential applications in modern lighting and displays. However, the
quantum efficiency of Tm®" for the blue emission is normally low due to competing

infrared emitting decay paths.

1.3.2.2. 41" — 4f" line-type PL in the NIR region

In modern telecommunication system, information is transmitted by light, which is guided
by silica optical fibers. The light is attenuated over the distance, and thus amplifiers in
wavelength division multi-plexing (WDM) network system are required.” The attenuation
and dispersion of silica optical fibers strongly depend on the optical wavelength, and is
caused by a combination of material absorption, Rayleigh scattering, Mie scattering and

: 94-97
connection losses.

Nowadays, the pressing requirements for high speed data
transmission of telecommunication networks stimulate the development of amplifiers,
splitters, couplers and multi-plexers. The six weakest attenuation bands have been
standardized (so-called transmission windows) as the O-band (1260-1360 nm), E-band
(1360-1460 nm), S-band (1460-1530 nm), C-band (1530-1565 nm), L-band (1565-
1625 nm) and the U-band (1625-1675 nm). Due to their abundant energy levels, Ln’" ions
show many NIR PL bands, which fall in the aforementioned transmission windows,
endowing their applications in optical amplifiers for telecommunications. For instance, PL
of Pr’* (4f%), Nd** (4f) and Dy*" (4f°) at ~1.3 um, Tm®" (4f'?) at ~1.47 um, and Er’* (4f'")
94-97

at ~1.55 pm allow their applications in O-, S-, and C-band amplifiers, respectively.

Pr't (4f%)
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In 1962, Yariv et al.” reported the first Pr’* laser based on CaWO, crystalline phosphors,
operating at 1.0468 um (Pr’":'G4 — *Hy). Besides, the Pr’" ion also shows efficient NIR
emissions at 0.9 um (Pr’*’Py — 'Gy) and 1.35 pm (Pr’":'G4 — °Hs) (Fig. 1b).”%° Over the
last two decades, Pr’" doped fluoride glasses and fibers have drawn great attentions due to
the emission at 1.35 pm for possible application in amplifiers.

Nd** (4f)

The Nd** ion with an electronic configuration of 4f° has turned out to be the most
efficient Ln®" ion for NIR solid state lasers due to its efficient and versatile PL at ~0.9 pm
(Nd*":*F3, — o), 1.06 um (Nd*":*F3, — “I11) and 1.35 pum (Nd*":*Fsp — *1i3p), as
shown in (Fig. 1b).94’95 100 Practically, the intense absorption band of Nd3+:419/2 — 4F5/2 at
~800 nm matches the commercial laser diodes (LDs). Furthermore, the Nd3+:4F3/2 — 4111/2
emission at ~1.06 um of Nd’" doped glasses has been demonstrated for the high peak
power and high energy laser applications.”® For crystalline materials, Nd**-YAG is the
most frequently used solid state laser operating at 1.0641 um.94 The Nd3+:4F3/2 — 4113/2
emission at ~1.3 pm of Nd*" doped glass fibers has other potential applications in optical
fiber communication systems.”>'%

Sm’* (4f%)

The trivalent Sm®" presents three weak NIR PL bands at ~1.08, 1.24 and 1.49 pm due to
the transitions of Sm3+:6FJ(J = 11/2,9/2 and 72) tO their lower level.'!

Ho™* (41"%)

The Ho>" ion exhibits three weak NIR PL bands at ~0.97, 1.2, and 1.46 um due to the
transition of Ho>":’Fs — I, Ho’"’Is — °Is, and Ho>":’Fs — I, respectively.”

Er’* (4

Er'” doped inorganic materials are of interest for optical telecommunication due to the
broadband NIR PL of Er’" at ~1.55 um, which is located in the range of the optical
communication window of C-band (Fig. 1b). The NIR emission of Er’ is attributed to the
intra-configurational transition from the first excited level 4F2/13 to the ground state 4F2/1 s of
Er’" with a FWHM > 50 nm and a long lifetime of ~10 ms (the exact value depends on the
host and co-dopants).” Er’" doped silica fiber for telecommunications with emission at

1.536 um was first reported by Mears et al. in 1987.'%

Erbium doped fiber amplifiers
(EDFAs) have become the key component towards the WDM system.” Due to the weak
absorption and the low pumping efficiency of the Er’":*I,1, level at 980 nm, Yb*" is
usually used as sensitizer for Er’". The absorption cross-section of Yb*" is ~10 times
stronger than that of Er’* at 980 nm, and the Yb*":*Fs;, level and Er’":*l,,, are nearly

resonant in energy.'*
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Yb* (413

Yb*" with an electronic configuration of 4f"° has the simplest energy level scheme
among all Ln" ions, i.e., it is composed of only two levels, the excited state Yb*:*Fs; and
the ground state Yb*":*F,, (Fig. 1b).”® This simple energy level scheme makes it possible
to avoid up-conversion and ESA processes. Accordingly, efficient PL at ~1 um can be
observed in Yb®" doped materials. For instance, the Yb>" doped silicate glass fibers show
the highest reported value of output power at ~I um with an efficiency of ~80%.'*
Additionally, the Yb*" ion shows high absorption cross-section at 980 nm, nicely matching
commercial LDs at 980 nm. Accordingly, it is frequently used as sensitizer for the other
Ln’" jons. For instance, it frequently finds use as sensitizers for up-conversion phosphors,

which can be used for applications in transparent displays.** The up-conversion process

will be discussed later in 1.6.2.

1.3.2.3. 41" — 4f" line-type PL in the MIR region

MIR lasers from 2—8 um have potential environmental and military applications including
trace gas monitoring, remote sensing, ophthalmology, neurosurgery, soft tissue medicine
and urology.'”® The low loss Ln®" doped silica fiber lasers and silica Raman lasers are
limited to the 1-2 um region due to their high intrinsic absorption beyond ~2.4 um and
high phonon energy of silica (~1100 cm™), which strongly quenches the MIR PL of
L3+ 106

For fiber lasers 2-3.5 um, fluoride and tellurite glasses might be the best choice for the
following reasons. Tellurite glasses exhibit the lowest phonon energy among all
conventional oxide glasses (~650—-800 cm '), have the moderate transmission bandwidth in
MIR region up to ~5 um, and show good chemical and thermal stability.'” Besides, high
doping level of RE ions, up to ~10*' jon/cm’ can be achieved in tellurite glasses without
clustering. However, the relatively high price of tellurite glasses somehow limits their
applications. Fluoride glasses have relatively low phonon energy (~500-650 cm™) and
moderate IR cutoff wavelength up to ~6 um. ZBLAN glass with an atomic% composition
of 56ZrF4+—19BaF,—6LaF;—4AlF;—15NaF is the most widely used fluoride glass. However,
its complex fabrication processes and poor stability limit its applications.'”

Beyond 3.5 um, chalcogenide glasses composed of S, Se or Te are the most suitable
candidates due to their high IR transparency up to 12 um, low phonon energy (~300—
450 cm™), and relatively good chemical and mechanical stability.'” According to the

. . + . + + + +
Dicke diagram, Ln>" ions such as Er’", Ho*", Tm’" and Dy’ possess numerous 4f" — 4f"
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transitions in the 2-8 um region, which is suitable for the MIR fiber lasers and
amplifiers.”
Emission at ~2 pm from Tm’" and Ho’* ions doped silicate and tellurite glasses and

d."1% For example, Tm’" doped fibers can be tuned

fibers has frequently been reporte
over the widest range from 1.65 to 2.1 um arising from the transition of Tm’":>F4 — *Hs,
depending on the host glasses.'””'® Recently, an output power of 1kW operating at

107
d.

2.045 um in Tm®* doped silica fiber has been demonstrate The emission of Ho’* with a

maximum at ~2.1 pm attributed to the transition of Ho’':’I; — °Ig overlaps with an
important atmospheric transmission window.'"” However, the Ho®" ion is not suitable for
the commercial LDs pumping according to its absorption spectra. Thus Er’", Tm’" and
Yb*" jons are used as sensitizers for 2.0 pm emission of Ho*".'"’

For emission of ~2-3.5 um, Tm?** (~2.3 pm, Tm® *Hy — 3H5), Er** (~2.7 pm,
Er’ s — Ti3p), Ho'™ (=2.9 um, Ho’":’Is — °I;), Dy”" (~2.9 um, Dy’ ":°H}1» — °Hisp),
Ho®" (~3.3 um, Ho’":’S, — °Fs) and Er’" (~3.45 um, Er’":*Fo, — *1,12) doped tellurite and
fluoride glasses and fibers have been widely reported.''*!!"!

For emission beyond 3.5 um, Dy’ (~4.3 um, Dy’":*H;3» — ®Hisp), Tb*" (~4.8 pm,
Tb>":"F4 — 'F¢) and Tb>" (~8 um, Tb*>":"F4; — 'Fs) doped chalcogenide glasses have been
reported.'”!'"” One example is the emission of Dy’ at 4.3 um which has been firstly
reported by Heo ef al. in Dy’ doped As,S; glass.''? Another example is the emission of
Tb’" at ~8 um in Tb*" (Tb*":’F4 — "Fs) doped chalcogenide glass, which is the longest

MIR emission in glasses to date.'®

1.3.3. Band-type 41" '5d — 4f" PL

Phosphors containing Ce’* and Ln®" ions such as Sm*", Eu*", Tm*" and Yb*" activated
phosphors exhibit tunable broad band-type PL. The 4" '5d level of Ln*" is located at lower
energies than the corresponding Ln*" (4f") with the same electronic configuration. Thus
intense band-type PL from NUV to NIR is expected in Ce’” and Ln>" activated

phosphors.''*!14

Unlike the 4f electrons, the outer 5d electron is not completely shielded
by the surrounding ligands, and the position and width of the PLE and PL band (allowed
by Laporte parity selection rule) is strongly dependent on the host lattices. For a host with
strong crystal-field strength and high degree of covalence, the lowest 4" '5d level is lower
than the lowest excited state of 4f", resulting in a band-type PL arising from the transition
of Ln*":4f*'5d — 4f". Whereas, in the case of a host with weak crystal-field strength and

low degree of covalence, intra-configurational 4f" — 4f" line-type PL of Ln’" can also be

19



observed.'"

Lanthanide oxides exist as trivalent ions in nature. The reduction of Ln’" to Ln*" has
been a hot research topic over the last two decades. Generally, there are four reported
routes which describe how to reduce Ln’" to Ln*":'"?

I) by preparing the material in a strongly reducing atmosphere, such as N»/H,, H,, CO
gas or carbon;

IT) by extrinsically reducing the polyvalent species in an as-prepared material, e.g., by
high-energy photoreduction, such as UV light, y-rays or X-rays, or by thermal treatment in
a reducing atmosphere, such as N»/H,, H,, CO gas or carbon;

IIT) by providing a sufficiently acidic host environment, where the reduced species can
be obtained even if they are synthesized under air condition, e.g., the reduction of Eu’" to
Eu®’ during high temperature melting without any reducing treatment in europium doped
Zn0-B,03;—P,0;5 glasses;116

IV) by promoting an intrinsic reduction process under air or O, atmosphere condition at
high temperature, e.g., by initiating structural rearrangements in a frozen-in system.

For environmental, technological and cost-related reasons, the latter two methods are the

most attractive, but they can only be applied to a limited number of chemical systems.

1.3.3.1. Ce** (4f")

Cerium is the most abundant and least expensive among all RE elements. It is widely used
as polishing agent for glasses. More importantly, it is also an efficient emission activator.
The ground state of Cce** splits into 2F7/2 excited state and 2F5/2 ground state multiplet with
an energy separation of ~2000 cm'.”® The band-type emission of Ce’” covers a wide
region from NUYV to red. It is composed of overlapped asymmetric doublet bands due to
the electric dipole allowed transitions from 5d' to two spin-orbit splitting of the 4f' ground
state of Ce’” (Fig. la).'"” The PLE spectrum of Ce’ is composed of up to five
distinguishable PLE bands due to the crystal field splitting of the excited 5d' state. The
position of the lowest 5d' excited band of Ce’" is sensitive to the crystal field and
covalence. As a result, Ce’" doped phosphors show a broad absorption band in the UV to
Vis spectral region and a broad emission band from 400 to 600 nm with relatively short
lifetime of ~50-100 ns and FWHM ~100 nm."'®!"® Therefore, a lot of Ce" activated
phosphors (e.g., oxides, fluorides, oxyfluorides, nitrides, and oxynitrides) have been
thoroughly studied in the past decades, including NaSrBO;:Ce* (400 nm)'’,
Cas 45013 55(S104)300.45F 155 (470 nm)121 for blue light-emission, Sr;975Ceg025Al;-
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+Si04:xF 1y (474-537 nm)'* for blue to green light-emission, YAG:Ce®" (536-558 nm)'*
for yellow light-emission, and Y,0,S:Ce’” (660 nm)'** for red light-emission, etc.
Additionally, Ce*™ ions are frequently used as sensitizers for the other Ln’" ions (e.g.,
Eu’’, Yb* and Tb*") and TM ions (e.g., Mn?®") to enhance their absorption and thus
emission efficiency. Besides, the peak position of Ce*":5d — 4f PL in a specific matrix is

helpful to estimate the energy levels for the other RE ions in the same host.'?

1.3.3.2. Sm** (4%

The 4f° energy scheme of Sm*" is spectroscopically similar to that of Eu’". The lowest
4£°5d" level of Sm*" is strongly ligand field dependent. For most of the crystals, the lowest
4£°5d" level is located at higher position than the lowest excited °Dy level of 4f°
configuration, even in hosts with relatively strong crystal-field strength.''* As a result, in
most crystals Sm** shows typical line-type PL due to the transition from “Dy level to the
multiplet ground state 'F;. For example, the lowest 4£°5d" level of Sm*" is higher than Dy
level of Sm*" in SrZnClj crystal, thus line-type PL of Sm*" arising from the transition from
°Dy to the multiplet ground state 'F; can be observed.'"* However, for hosts with very
strong crystal-field strength, the lowest 4£°5d level is located at lower position than the
lowest excited °D; level of 4f° configuration. Thus band-type PL of Sm*" (4°5d — 4f°) can
be observed in this case. For example, the lowest 4°5d" level is lower than D, level of
Sm”" in CaF, crystal, thus CaF,:Sm*" shows band-type PL peaked at ~740 nm due to the

transition of 4£°5d — 4f° at room temperature.'*°
1.3.3.3. Eu®" (4f")

The 4f" energy scheme of Eu®" is spectroscopically similar to that of trivalent Gd>* (4f").
The energy gap between the first excited state 6P7/2 and the ground state 887/2 of Eu®" is
comparatively large. The 4{°5d' level of Eu®" is lower than the lowest excited level °Py; in
a material with strong crystal-field strength and high degree of host lattice covalence. As a
result, the band-type PL occurs with a typical FWHM of ~50-100 nm and lifetime of ~1 ps,
due to the spin-allowed inter-configurational transition of Eu2+:4f65d1(T2g) — 4f'(*S7). M
The position and width of the PLE and PL band of Eu”" are strongly dependent on the type
of host lattices. The broad PLE spectra of Eu®* vary from X-ray to the blue region, and the
corresponding PL spectra tune largely from NUV to red in different hosts in which Eu”"

ions are incorporated. In the same host materials, the PL peak position of Eu*" red shifts
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compared to that of Ce". Besides, the 5d level of Eu®" can split into different numbers
depending on the local symmetry around the Eu®" ions. For instance, in Oy symmetry the
5d orbitals of Eu*" are split into two levels (i.c., Ty, and Eg).42 Normally, Eu®*ions in large
crystal field splitting environment and high host lattice covalence show long wavelength
emissions. For example, in the case of MSi,0,N,:Eu?* phosphors, the PL peak red shifts
from ~498 nm for BaSi,O,Ny:Eu** to ~560 nm for CaSi,O,N,:Eu®*, which can be
explained by the stronger ligand field splitting of Ca®" than that of Ba*".*' Similarly,
oxynitrides and nitrides, which feature higher covalence metal-nitrogen bond and larger
crystal field splitting effect of the N~ anion, show absorption and emission of longer
wavelength in comparison with oxides.”* Likewise, sulfide based phosphors show
emission with longer wavelength as a result of the smaller electronegativity and better
polarizability of S than that of O, and thus the larger nephelauxetic effect in sulfides based
phosphors than that in oxide based phosphors.®' Eu*" activated phosphors with different PL
colors have been applied in the field of lighting and display backlights.** For instance, Eu*"
activated BaMgAlloO17127/Ca2PO4C1128, BaZI'Si309129, Na2CaPO4F130/CaLaGa387131,
SranSc(PO4)7132 and CaAlSiNg13 3/(Ca,Sr,Ba)ZSisNg134 phosphors show blue, cyan, green,
yellow and red emissions, respectively.

On the other hand, 4f — 4f line-type PL of Eu®" can be observed due to the transitions
from Eu2+:6P7/2 — 8S7/2 in materials with weak crystal-field strength and low degree of

covalence of the host lattice.!'

1.3.3.4. Tm*" (4f7)

The 4f" energy scheme of Tm”" is spectroscopically similar to that of Yb**, leading to a
2Fyp ground state and a 2F5/2 excited state. Compared to Yb3+, the 4f electrons of Tm?"
show a reduced Coulomb attraction from the nucleus."*> As a result, the 4f — 4f NIR PL
peak position of Tm*" red shifts from ~1000 nm in Yb>" to ~1150 nm in Tm”". For
example, the emission peak position of CsCalz:Tm*" and RbCals3:Tm*" is located at ~1139
and 1138 nm, respectively.””” Besides, it also shows a visible PL band due to the
4?54 — 4" (2F7/2) transition of Tm>". For instance, Tm*" activated SrCl,"*° and SrB,0,"’
show a broad band-type red PL at ~720 and 610 nm respectively, with a FWHM of more
than 100 nm and a PL lifetime of ~220 ps.

1.3.3.5. Yb*" (4f'%
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Yb*" with an electronic configuration of 4f'* has a completely filled 4f shell. 4f*
configuration of Yb*" only has a 'S, ground state of free ion and no other 4f'* levels exist.
Band-type PL of Yb*" from UV to red can be observed when the lowest 4f°5d level is
lower than the conduction band. Like Eu®" ion, a stronger crystal field splitting strength
and a higher degree of environmental covalence lead to longer PL wavelength. For
example, the PL peak of MgF,:Yb*" is located at relatively longer wavelength at

~480 nm."®

1.4. Transition metal ions

The 3d TM ions are located in the 4™ period of the periodic table, from Sc (element
number 21) to Zn (element number 30) with electronic configuration of 3d"4s” (1 <n <10).
The electrons in the partially filled 3d orbitals are responsible for their special optical
properties. Inorganic materials doped with TM ions exhibit PL from visible to the MIR
region. Accordingly, TM ions are frequently used as activators in phosphors and in tunable
solid state lasers.'>**"3*1%0 It is highly desirable to explore and develop novel inorganic
materials doped with TM ions, due to their low fabrication cost and the conservation of RE
resources. Unlike Ln®" ions, the 3d orbitals of the TM ions are not shielded by outer shells,
thereby their spectral properties are strongly influenced by the surrounding ligand field or
coordination environment. Both band-type (S>0) and line-type (S=0) PL can be
observed in TM ions.*®!3*14

The energy level schemes of the TM ions are well described by standard Tanabe-Sugano
diagrams, in which the sequence of energy levels of the TM ions depends on the symmetry
of ion sites, the crystal-field strength 10 Dy, and the inter-electronic interactions as
described by the Racah parameters B and C."*"'** The energy level of a 3d" ion in
octahedral coordination is analogous to that of a 3d'®™ ion in tetrahedral coordination. The
electronic transitions of 3d" ions in octahedral coordination strictly follow Laporte rule,
whereas for the electronic transitions of 3d" ions in tetrahedral coordination the rule is
weakened due to the lack of inversion center, which leads to an admixture of levels of

different parity.'**'*

In general, TM ions show a higher transition probability at a non-
centrosymmetric site in comparison with a centrosymmetric site, due to the static
admixture of odd-parity states. The PL properties of TM ions in octahedral and tetrahedral

environments are reviewed as follows.
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1.4.1. Octahedrally coordinated TM ions
1.4.1.1. 3d" configuration: V'Ti*" and V'V**

The 3d' configuration represents the simplest energy level among all 3d" configurations,
1.e., it consists of two energy levels, ’E and 2T2.80 ’E and 2T2 levels serve as the lower
energy for octahedral and tetrahedral coordination, respectively. Ti**, V*, Cr’" and Mn®"
ions show a 3d' configuration. But Cr’" and Mn°" are only observed in tetrahedral
coordination.

Vi3

Octahedrally coordinated V'Ti’" shows a broad deep red to NIR emission from ~670 to
1100 nm with a FWHM of ~220 nm due to the spin-allowed transition of ¥'Ti**:*T, — “E.
Tunable solid state Ti>":Al,O; lasers with a wide tuning range of ~660—1100 nm and with
large gain cross-section in laser spectroscopy have great potential to replace the dye

144,145
lasers. ™"

VIy4+

Octahedrally coordinated V'V*" ion shows a broad absorption and PL band in the visible
spectral region. Compared to ¥'Ti*", the PL band of V'V*" blue shifts to lower wavelengths,
due to the higher valence and thus higher crystal field strength of V*". Meyn et al.'*
investigated the PL properties of Vit doped ALLO;, YAIO; and Y3Als0,2, which show
broad PL band peaking at ~650 nm with a HWHM of ~3500 cm ' and a PL lifetime of ~1—

10 ps arising from the spin-allowed transition of V'V*":*T, — *E.'*

1.4.1.2. 3d* configuration: V'V**, VICr’" and Y'Mn*"

The position of the first excited state of 3d” configuration is strongly dependent on the
crystal field strength, i.e., “T, (V*" and Cr’" in a low crystal field) and E (Cr’" in a strong
crystal field and Mn*") is the first excited state, respectively.® As a result, both band-type
spin-allowed transition of *T, — *A, (weak field) and line-type spin-forbidden transition of
’E — %A, (strong field) can be observed for 3d’ ions, depending on the ligand field
strength of the host materials and ion species.

VIV2+

The PL band of octahedrally coordinated V'V>* covers a broad range of ~1.0-1.75 pm
with a FWHM > 1000 cm ™' and a lifetime of ~2 ps due to the spin-allowed transition of
VIVE AT, (4F) — *A(4F).'*7'*® Three absorption bands of Y'V** can be observed arising
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from the spin allowed transitions from the ground state *A,(F) to the excited states *T»(4F),
*T\(4F) and *T,(4P). For instance, the emission peak of V'V*" doped KMgFjs is located at
~1100 nm with a FWHM of 1350 cm ', PL lifetime of 1.2 s, and a quantum efficiency of
87% at room temperature.148

Vig 3

Octahedrally coordinated V'Cr’" has been extensively investigated due to its broadband
NIR PL from ~700 to 1800 nm with a lifetime of ~100 ps, originating from the spin-
allowed transition from the first excited state to the ground state of
VICr Ty E — *A,." """ The band-type NIR PL of Y'Cr’" is responsible for its tunable
laser oscillation. The broad PL band of Y'Cr’" strongly depends on the ligand field strength
and excitation wavelength. For example, V'Cr*" doped Sc,03 shows a broad PL band from
750 to 1100 nm (short wavelength emission) pumped by a 670 nm LD, while the PL band
red shifts to 1050-1800 nm (long wavelength emission) when pumped by an 808 nm
LD." To date, Y'Cr’" doped crystals (e.g., ALOs;, MgO, Sc,0; etc.) have been
commercially used for continuous-wave (CW) lasers in the range of 670—1100 nm. For
instance, the first working solid state laser was reported on V'Cr’* doped 0-Al,O; crystal
operating at ~694 nm."'”°

Vinn®t

VIMn*" ion in octahedral environment offers a strong crystal field due to the high charge
number. Thus the first quartet 4T2 state is located above the °E state. As a result, it shows a
sharp R-line-type emission in the spectral range of 650-730 nm arising from the spin-
forbidden transition of Y'Mn*":’E — *A, under a blue or NUV light excitation. The PLE
band of Y'Mn*" matches the blue- or NUV LEDs for the future warm W-LEDs
applications.””" " Correspondingly, two intense absorption bands peaking at ~460 and
360 nm are attributed to VIMn4+:4A2 — 4T2 and VIMn4+:4A2 — 4T1 transitions. The spin-

forbidden transition of Y'Mn*":’E — “A, shows longer PL lifetime in ms range.'”
1.4.1.3. 3d* configuration: V'Cr**, V'Mn*" and V'Fe*

In octahedral environment, the ground state °D of 3d* configuration splits into the higher
°E and the lower °T; levels. Based on the Tanabe—Sugano diagram, the positions of ground
and excited state strongly depend on the ligand field strength of the host materials. For low
crystal field strength, the °E serves as the ground state for Dy/B <2.5. Meanwhile, for

Dy/B<1.2, T, is the lowest excited state and emission of T, —°E is spin
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allowed.®"**'* Until now, there is no PL reported until now for octahedrally coordinated
VIC2t and VIFet

VIMn3+

The emission band of Y"Mn*" covers a broadband of 550-1300 nm due to the spin
allowed transition of V'Mn*":>T, — 5E. For instance, Mn>* doped YAG shows doublet PL
bands centered at 620 and 758 nm at room temperature.””* Additionally, weak NIR

emission at ~1150 nm can be also observed due to the transition of Mn® +:sz -3 T1.154

1.4.1.4. 3d° V'Mn?**

Manganese is the 12" most abundant element in the earth’s crust (950 ppm). As one of the
most important dopants, Mn*" activated inorganic materials show a broad PL band varying
from deep green to far red due to the parity-forbidden 3d — 3d transition from the lowest
excitation of Mn?":*T(*G) to the ground state Mn”":°A(°S).***? The position of the lowest
excitation state Mn>":*T(*G) is strongly dependent on the crystal field environment of the
host lattices. In general, octahedrally coordinated Mn®* (strong crystal field, V'Mn*") shows
orange to red PL, while tetrahedrally coordinated Mn®>" (weak crystal field, ""Mn*")
presents green PL.*? This enables tuning of the PL properties through CN of Mn”*" and
local ligand field.

Although the excitation scheme of Mn”" spans a broad spectral range of ~320 to 550 nm,
the intrinsic 3d-3d absorption transition of Mn”*" is hard to pump because of its
characteristic spin- and parity-forbidden electric dipole transitions. Thus a sensitizer is
necessary to improve the absorption and PL efficiency of Mn®". For instance, a Zn,SiO;4
host is one of the most efficient sensitizers for "“Mn>". And ZnZSiO4:Mn2+ is the
commercial green phosphor for PDPs.” In addition, the long decay time of Mn”" emission

(~10 ms) can result in saturation in high flux devices.”

1.4.1.5. 3d” ions Y'Co**

In octahedral symmetry, the ground state of Co>":*F splits into three levels, i.e., *A,, *T),
and 4T2 with the 4T1 state as the lowest. ''Co?" shows tunable NIR emission from 1.5—
2.5 pm with a FWHM of > 200 nm due to the transition of VICo™ *To(*F) — *To(*F).1>>1%
Normally, two intense absorption bands at ~500 and 1200 nm can be observed and
assigned to the transitions of “'Co®":*T;(*F) — *T\(*P) and “'Co™":*T|(‘F) — ‘T2(*F),

respectively. For example, the commercially available CW laser MgF,:Co®" operates at
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~1.6-2.1 pm."” The NIR emission from V'Co™":*T,(*F) — *T,(*F) is greatly quenched in
intensity at room temperature compared to that at low temperature, which greatly limits its

application.
1.4.1.6. 3d® configuration: V'Ni**, V'Cu**

Both Cu®" and Ni*" ions have a 3d® configuration. Due to its low stability, Cu’* was
reported only in a few crystals. Over the last decades, the spectroscopic properties of Ni**
doped glasses, glass ceramics and single crystals have drawn great attention for potential
applications in tunable lasers and optical amplifiers because of their broad band-type NIR
PL.***¥ Broadband NIR PL of V'Ni*" strongly depends on its CN. In general, there are three
different coordination states for Ni*" in nature: tetrahedral (fourfold, "Ni*"), trigonal
(fivefold, YNi*") and octahedral (sixfold, Y'Ni*"). Only Y'Ni** has been known to provide
efficient NIR emission from ~1.0 to 1.8 um with a lifetime of hundreds of ps.*** The PL
position of Y'Ni** can be finely tuned by changing the ligand field strength around Ni*".
There are three spin-allowed transitions in “'Ni*', ie., T, g(3F) — T, g(3P),
3T1g(3F) —>3A2g(3F) and 3Tlg(3F) — 3ng(3F). They are located in the spectral range of
~900-1100 nm, 600—-800 nm and 300-500 nm, respectively. The first tunable CW laser
was reported in 1963 on V'Ni*":MgF,, operating from 1350-2000 nm peaked at ~1.6 um
VINIZ3T, — 3Ag).2

1.4.2. Tetrahedrally coordinated TM ions
1.4.2.1. 3d" configuration: "YV*", "VCr*" and “VMn®*

For tetrahedrally coordinated 3d' ions, the energy gap between the excited state “T, and the
ground state E is smaller than for those with octahedral coordination, due to the stronger
crystal field strength. Broad PL band occurs in the NIR region. No emission is observed
for tetrahedrally coordinated Vy** even at low temperature due to strong non-radiative
decay process.

VoSt

VCr’* can be stabilized in phosphates, vanadates and arsenates, where Cr’" substitutes
the lattice position of P>*, V>" and As”". The absorption bands of "YCr’":’E — T, cover a
broad range from ~520 to 1000 nm. The emission spectra of "YCr’" consist of two partially

overlapping bands due to the transition from *T; to two crystal split ground state of “E. For
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example, in Vet doped Sr,VO4CI, two overlapped emission bands are located at 1080
and 1250 nm."”® However, the NIR PL of VCr’* is very weak, with a quantum efficiency
lower than 1% at room temperature.'>

VNn®*

YMn®" shows a broad PL band from 900 to 1600 nm due to the transition of
IvM116+:2T2 — %E. For instance, VMt doped BaSO4 shows a broad NIR PL from 900 to

160

1600 nm with a quantum efficiency of ~60% at room temperature. ” It has potential

application in tunable and short pulse lasers in the NIR spectral region.
1.4.2.2. 3d* configuration: "VV**, VCr*, YMn®* and "VFe**

The absorption spectra of 3d” ions in tetrahedral environment are dominated by triplet-
triplet transitions, and the lowest excited state of 3d” ions is strongly dependent on the
ligand field, i.e., °T, for V°" and Cr*", and 'E for Mn’" and Fe®". Both broad band-type
emission (°T, — *A;) with relatively short lifetime and narrow line-type emission
('"E —>A,) with relatively long lifetime can be observed for 3d” ions in tetrahedral

environment.
IVy 3+
\%

VY exhibits a relatively weak NIR PL peaking at ~1.6 pm

Tetrahedrally coordinated
from 1.4 to 2.0 pm due to the spin-allowed transition of VY3 3T,(F) — 2 Ay(F)."**'%! For
instance, the emission peaks of IVV3+:GaAs, IVV3+:LiGaZO4, MV3*.LiALO4 and V'V ZnS
are located at 1.6, 1.65, 1.73 and 1.75 pm, respectively.'*

IV oyt
Tetrahedrally coordinated "YCr*" is interesting because of the broad band-type NIR PL

IvCr4+:3T2 — 3A2 with a lifetime

from 1.13-1.63 pm due to the spin-allowed transition of
of a few ps.'®'** For instance, "VCr*" doped YAG shows tuned NIR emission from 1332
to 1554 nm.'®* "% VCr* has three absorption bands at ~460, 740 and 800—1150 nm, which
can be assigned to the transitions of lvCr4+:3A2 — 3T1b, IVCr4+:3A2 — 3T1a and

164 Ver* doped crystals are suitable for tunable CW laser

Vet P A, — °Ty, respectively.
and femtosecond pulse operation in the NIR region between ~1.1-1.7 um, e.g.,
Cr*":MgSiO; (from ~1.1 to 1.7 um).'®

VoS

Mn’* mainly exists in a tetrahedral environment. Due to the high charge number of Mn’",
it presents a high crystal field with 'E as its first excited state. Depending on the ligand

field, "YMn’" exhibits narrow line-type emission from 1 to 1.5 pm, arising from the spin-
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forbidden transition of "Mn’":'E (‘D) — *A,(’F) with a lifetime of hundreds of ps.'®® The
first laser oscillation of Mn* was reported on ""Mn’" doped Ba3(VO,), and Sr3(VO,), by
Merkle et al. Under pulsed 592 nm excitation, the output laser operates at 1.181 um with a
threshold of 0.3 J/cm® and a PL lifetime of 0.43 ms at room temperature.'®

Vg6t

Like ""Mn®", the "VFe®™ ion shows line-type PL at ~1600 nm due to the spin-forbidden
transition of VFe®":'E (‘D) — *A,(°’F) with a lifetime of hundreds us at room temperature.
For instance, '"Mn®" doped K,CrO, shows line-type PL with a maximum at 1600 nm and a

lifetime of 0.6 ms.'"’
1.4.2.3. 3d* configuration: "V Cr**

In tetrahedral environment, the free ion electronic term °D of 'VCr*" (3d* configuration)
splits into °T, ground state and “E first excited state. ' Cr*" ion shows a broadband MIR
emission in 2-3 pm region due to the spin-allowed transition of "V Cr*"°E — °T,.'**'®® For
instance, MIR CW lasers of "VZnSe:Cr*" and "VZnS:Cr*" (°E — °T) operate in the 2-3 pm

region upon excitation at 680 nm (*'Cr*"’T,(’D) — *A,(CH)).'?”
1.4.2.4. 3d°® configuration: "VFe?*

Tetrahedrally coordinated 'VFe*" doped binary (e.g., such as ZnSe, ZnS and ZnTe) and
ternary (e.g., CdMnTe, CdZnTe and ZnSSe) chalcogenide crystals show extra broad band-
type emission in the MIR range from ~3.5 to 5.1 um, with output powers exceeding 10 W

170 IV 2+
F

and an efficiency up to 70% due to the transition of °E — °Tj. e” doped

chalcogenide crystals are frequently used as MIR tunable lasers over a very broad range of
3.5-5 pm.

1.4.2.5. 3d® configuration: "YNi**

Tetrahedrally coordinated 'VNi shows MIR PL at 2.6 um at low temperatures due to the
transition of *T»(F) — T;(F). This MIR PL can only be observed at very low temperature

because of the strong non-radiative decay, e.g., in ""Ni*":ZnSe.'”'

1.4.3. Other TM ion: V** (3d")
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In inorganic oxide matrices, vanadium usually exists in three different oxidation states, i.e.,
V' ([Ar] 3d%), V*' ([Ar] 3d") and V° ([Ar]), whereby the trivalent ion is readily oxidized
to a higher valence. The PL of V°" ion covers a broadband ranging from 400 to 700 nm
due to the relaxation of =V-O~ to =V=0."?* The corresponding excitation band lies in the
UV range (200400 nm) arising from an energy transfer process from O to V> that
occurs intrinsically in the vanadyl group. The PLE bands of V°" match the NUV LED
chips.”® However, the knowledge on the optoelectronic properties of vanadium ions is still

relatively limited.

1.5. White light-emitting diodes

A light emitting diode (LED) is an electronic device based on semiconductors, which
generate light by injecting electrons from the valence band into the conduction band and
create a light corresponding to the energy gap. Thanks to the breakthroughs in LED chips
in the last two decades, the next-generation solid state lighting in the form of W-LEDs are
attracting attention. They have longer working times (> 100,000 hrs), improved rendering
index, higher brightness, lower power consumption, smaller size, faster switching and
environmental friendliness in comparison with the traditional incandescent light sources.
This is why W-LEDs have a wide application range: from full color displays and
backlights to devices indicators and automobile headlights.'”>'’® Consequently, they are
potential candidates to substitute the widely used conventional incandescent and
fluorescent light sources for general lighting applications in future.”>"’® If all
conventional white light sources in the world were substituted by energy efficient LED
light sources, ~1000 TW hrs in electricity could be saved every year.

Generally, white light is characterized by: the Commission International d’Eclairage
(CIE) chromaticity color coordinates, color temperature and CRI. High quality white light-
emission requires a source with CIE color coordinates of (0.333, 0.333), color temperature
in the range of 2500-6500 K, and CRI above 80%."* As an inorganic semiconductor light
source, the LED chips currently available feature in the wavelength range of UV-Vis-NIR
with high brightness. Especially, gallium nitride (GaN)- and indium gallium nitride
(InGaN)-based blue-LED chips, and AlGaN-, AlGalnN-based NUV-LED chips show high
efficiency.

In principle, there are three different methods to generate white light-emission
combining LED chips:'">'7®
I) RGB-LEDs
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The first technique is directly mixing multi-color white LEDs (bi-, tri- and
tetrachromatic W-LEDs), 1.e., combining two, three or four different monochromatic LEDs
to generate the white light-emission. However, the applications of the multi-color W-LEDs
are severely limited, mainly due to the fact that different LEDs possess slightly different
emission patterns, resulting in variations of the color in regard to direction and poor
temperature stability (i.e., the emission efficiency of multi-color LEDs drops exponentially
with rising temperature). In addition, it is the most expensive among the three methods.'”’

II) Quantum dots converted LEDs

In the second method, differently sized quantum dots are used to down convert higher
energy light from NUV- and blue-LEDs to white light. The emitting color of quantum dots
can be tuned finely from visible to NIR range by controlling their sizes.

III) pc-WLEDs

The third method is represented by phosphors converted white LEDs (pc-WLEDs), in
which one or more visible light emitting phosphors are used to down convert
monochromatic light from a NUV- or blue- LED to white light. For pc-WLEDs based
blue-LED chips, pc-WLEDs are designed to leak some blue light from the pump blue LED
to generate the blue part of the white light. Whereas, for the pc-WLEDs based NUV-LEDs,
none of the harmful NUV light from the pumped LEDs is allowed to leak.

In general, the phosphor approach is the most promising, due to high efficiency, long
lifetime, low cost, physical robustness, mercury-free design and color stability. As a matter
of fact, pc-LEDs have turned out to be the most efficient approach for white light-
emission.' "7

Usually, the commercially available pc-WLEDs are a combination of a blue-emitting
InGaN-based LED chip (450-470 nm) with a complimentary yellow-emitting phosphor,
such as cerium doped yttrium aluminum garnet (Y3Als012:Ce’)."**'®! Although these
exhibit high luminescence efficiency (> 90%) exceeding that of fluorescent lamps, and
they are inexpensive, their applications are limited especially in the area of residential and
medical lighting, due to its poor CRI=70-80 and a high correlated temperature
(CCT=7750 K) from the color deficiency in the red region and blue-yellow color

. 180,181
separation.'**'®

Besides, the high degradation of the luminescent efficiency at relatively
high temperature (strong thermal quenching) and input power dependent emission color
also limit their applications. The white light-emission requires improvements in the red
light region.

On the other hand, AlGaN- and AlGalnN-based NUV-LED chips have higher

intrinsically efficiency than InGaN-based blue-LED chips.'® Accordingly, an alternative
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phosphor approach to get white light is to combine a NUV-LED chip (370—410 nm) with
red-, green- and blue-emitting phosphors, due to their super color uniformity, excellent
CRI>90, high luminous efficiency, tunable color temperature and good light color
stability. Red-emitting phosphors are still commercially limited to sulfide-based phosphors,
such as CaS:Eu2+, SrYZS4:Eu2+, Y,0,S:Eu’" and ZnCdS:Cu,Al.183 But the poor chemical
and thermal stability (and thus short lifetime), severe moisture sensitivity and
environmental unfriendliness of these materials limit their applications.”” On the other
hand, nitrides- and oxynitrides-based phosphors show high chemical stability, but the
severe synthesis conditions and high patent licensing costs greatly limit their
applications.** Therefore, the development of novel oxide phosphors with low costs, good
chemical stability, environmental friendliness and simple synthesis is urgently required to
meet the requirements of solid state lighting.

To date, the powdered phosphors are normally embedded in organic epoxy resins in
LED devices. But the big difference between of refractive index the phosphors and the
organic resins causes a high ratio of light scattering and poor heat resistance, leading to a
degradation of luminous intensity and a change of emission color over time. Additionally,
the aging of organic epoxy resins under the long-term irradiation of UV light may shorten
the lifetime of the LEDs.* " Glasses and glass ceramics doped with RE and TM ions were
reported as good alternatives owing to their easy formability into plate-like shapes (which
ensures direct encasement of the NUV-LED chips), excellent chemical and thermal
stability, better heat resistance with respect to organic resins, and lower porosity comparing

with sintered ceramics.’’ >’

1.6. Solar cells

Sunlight is not only free, but also extremely abundant. It has been reported that the energy
of sunlight irradiated on the Earth’s surface is ~10,000 times as much as what we consume
currently.'® Therefore, solar cells which convert sunlight to electricity are prime candidates
to solve the upcoming energy crisis. Although the solar cell industry has experienced great
development over the last decades, the conversion efficiency of the commercialized single-
junction crystalline silicon (c-Si) solar cells is still low (~15%), resulting in high cost per

kilowatt-hour.* >

Based on the standard AM1.5 spectrum (Fig. 3), the sunlight irradiated
onto the Earth’s surface spans a wide range from NUV to MIR (280-2500 nm, 0.5—
4.4 eV), but only a small fraction of the sunlight can be effectively used by the solar cells

(Fig. 3). According to the Shockley-Queisser limit, the theoretical maximum conversion
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efficiency of the single junction crystalline silicon (c-Si) with a band gap energy (E,) of
1.12 eV 1s ~30%. The other 70% of the energy is lost due to the aforementioned spectral
mismatch: low energy photons (< band-gap energy, E, = 1.12 eV) are not absorbed (sub-
band gap transmission loss), while the excess energy of the high energy photons (> E,) is
lost as “hot’ electron-hole pairs (lattice thermalization loss). ®*'8+1%°

In general, there are two approaches to break the Shockley-Queisser limit. The first
method is to develop a novel solar cell, the so called “third generation solar cell”, which
can utilize the solar spectrum in a better way. The most promising approach is represented
by multi-junction (“tandem”) solar cells of amorphous silicon or gallium arsenide with a
smaller band gap. Green et al. estimated that the theoretical efficiency of an “infinity-layer”
could get to 68% under the radiation of un-concentrated sunlight. However, the large scale

applications of tandem solar cells are limited by their complex fabrication and high price.’

Double bandgap of c-Si

Intensity (a.u.)

400 600 800 1000 1200
Fig. 3 Standard solar spectrum for air mass 1.5. Raw data was derived from ASTM G173-03

Reference Spectra.

The second route based on the modification of the solar spectrum to better match the
solar cells. In general, there are three possible luminescent approaches to adapt the solar
spectrum, reduce the loss due to spectral mismatch and enhance the quantum efficiency of
the solar cells, i.e., down-shifting, up-conversion and down-conversion (Fig. 4a—4f). The
rich energy levels of RE ions make them as ideal ions for aforementioned spectral

. 49-52
CONVersion processes. 95

1.6.1. Down-shifting
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Down-shifting is a one photon to one photon PL process (Fig. 4a), thus the nigg is smaller
than or equal to unit. Even though it cannot exceed the Shockley-Queisser limit, it can
raise the conversion efficiency of the solar cells by shifting one high energy photon from
the UV-green region into a low energy photon in longer wavelength, which can be better
absorbed by the solar cells.”” Up- and down-conversion can enhance the efficiency of the
solar cells beyond the Shockley-Queisser limit and they will be discussed in the following

paragraphs.

1.6.2. Up-conversion

Up-conversion is a non-linear process. Two (or more) sub-bandgap low-energy photons in
the NIR region (which cannot be absorbed by the solar cells) are combined into one supra-
bandgap high-energy photon in the visible region (which can be utilized by the solar cells).
Up-conversion is an anti-Stokes process. According to the Richards’ report,”* ~35% of the
sunlight can be used for up-conversion. Based on the Trupke ez al.'® report, the theoretical
maximum conversion efficiency can be improved up to 40% by combining a single
junction c-Si solar cell with an ideal up-converter layer under un-concentrated sunlight.
Since the first report of up-conversion on CaWO4:Yb* /Er’" by Auzel et al. in 1966, Ln®"
jons and pairs have been frequently reported for up-conversion, including Er’", Ho’",
Yb*'/Tm™, Yb''/Er’’, Yb*'/Ho " and Yb*'/Eu’" #0%

In the case of ESA, the excitation photons are successively absorbed by a single active
center (Fig. 4d). ESA is independent on dopant concentration. ETU is an energy transfer
process involving two neighboring ions. Both neighboring ions absorb a pump photon that
populates the metastable state E1. Then one of the two ions transfers the excited energy E1
to the excited state E1 of the other, which is excited to the upper excited state E2 (Fig. 4e).
Unlike the ESA process, the ETU up-conversion process is strongly dependent on dopant
concentration. PA processes are the combination of both ESA and ETU processes. In PA
processes, the E2 states are populated by successively weak non-resonant GSA and ESA of
E1l. The subsequent cross relaxation (CR) between two neighboring ions leads to the fact
that both ions possess the intermediate excited state E1. Circularly, these two ions can
populate back to E2 by ESA, resulting in a strong up-conversion PL (Fig. 4f). The PA up-
conversion is sensitive to the input power, requiring a pump intensity that exceeds a certain

threshold value.*®
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For up-conversion three mechanisms are possible: excited state absorption (ESA),

energy transfer up-conversion (ETU) and photon avalanche (PA) (Fig. 4).”°
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Fig. 4 (a) down-shifting, (b) cooperative down-conversion, (c) stepwise down-conversion, (d)
excited state absorption (ESA), (e) energy transfer up-conversion (ETU), and, (f) photon avalanche
(PA).

However, the conversion efficiency of the up-conversion solar cells is extremely low.
This can be explained by the following reasons. Firstly, up-conversion is a non-linear
process, thus a high excitation density is required to achieve high conversion efficiency.
Secondly, the absorption efficiency of the Ln** ions is weak in a narrow spectral window,
resulting in the conversion of only an extremely small fraction of sunlight in the NIR
region. The highest reported quantum efficiency for up-conversion phosphors are ~4% and

8% for YF3:Yb*/Er’" and KY3F 0:Yb*/Tm’", respectively.”
1.6.3. Down-conversion

Contrary to the up-conversion process, down-conversion is a quantum cutting process with
a theoretical quantum efficiency higher than a unit. In this process one incident high-
energy photon (NUYV to visible) splits into two or more emitting low-energy photons (NIR),
which consequently can be absorbed efficiently by the solar cells. Furthermore, it can also
minimize the energy loss due to the thermalization of the hot charge carriers which are
generated by the excess of high-energy photons (> E,). According to the Richards’

report,'™ ~32% of excess energy of UV-Vis photons, which are initially lost as heat, can
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1. the theoretical conversion

be utilized for down-conversion. As reported by Trupke et a
efficiency of the single junction solar cell with a bandgap of 1.1 eV can be enhanced by up
to ~39% upon applying an ideal layer of down-conversion materials on the top of the solar
cell. Since the first demonstration of down-conversion in the deep blue region for YF3:Pr'*
by Piper in 1963, wide attention has been devoted to the development of new type of high
efficient down-conversion materials, especially to the development of solar cell
technology.”'”

According to the Dieke diagram (Fig. 1b), Yb* has only a single excited state *Fs
~10,000 cm™' above the ground state F5,, which allows Yb*" to pick up energy packages
of ~10,000 cm™' from the other sensitizer ions emitting phonons at a wavelength of
~1000 nm, which falls in the range of the highest spectral response of the single junction c-
Si solar cells.”® However, the Yb>" ion itself cannot absorb the high energy light in the UV-
Vis region. As a consequence, a sensitizer with an energy level ~20,000 cm ' and capacity
to absorb high energy photons in the spectral region at 280—550 nm is required to obtain an
efficient down-conversion PL of Yb*".

For the NIR down-conversion PL, two different types of sensitizers are available: a first
order stepwise and a second order cooperative energy transfer from the sensitizer to Yb"
(Fig. 4c and 4b, respectively). The Ln’" ions with an intermediate energy level of
~10,000 cm™' have been reported for the stepwise energy transfer. Among them, Pr’", Er*",
Nd**, Ho’* and Dy*" ions are assigned to a two steps resonant first order energy transfer

*19 For example, a Pr’’/Yb’" co-doped transparent YF; glass ceramic

process (Fig. 4c).
shows optimum quantum efficiency close to 200% by the first order stepwise energy
transfer.'™ In contrast to the resonant energy transfer, an intermediate energy level of
~10,000 cm ' is normally missing in the cooperative energy transfer process (Fig. 4b). Ln®"
(e.g., Ce’", Tm*", Tb*" and Pr’") and Ln*" ions (e.g., Eu*" and Yb*") belong to this type.”"
Besides, Bi*", Mn®" and host combination (e.g., VO4> and ZnO) are also responsible for

this type.'**'*

1.7. Glasses and glass ceramics

1.7.1. Glasses

Glass, which was discovered as early as 3500 BCE in Mesopotamia, has been widely used

15,190

as a major building and optical material for thousands of years. Unlike crystalline

materials, it does not have a clear melting temperature, but exhibits a glass transition
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temperature. Glasses possess only short range order structure and lack any long range
periodicity.'>""

The inorganic glasses can be divided into oxide, fluoride, chalcogenide, and
chalcohalide glasses. Among them, oxide glasses have been thoroughly investigated and
are widely used. According to the type of glass forming oxide which make up the glass
structure, they can be further classified into silicate, phosphate, borate, germinate and
tellurite glasses.'”

Glasses are mainly produced by melting and quenching method. Their properties are
strongly dependent on the chemical composition. In general, glasses possess high
transparency, high mechanical strength, gas and liquid impermeability, easy formability
into various shapes, high chemical durability, easy mass production, compositional variety
and biocompatibility. Consequently, they are widely used in many areas including building,

e - : 15,190,191
communication, medicine and environment.

1.7.2. Glass ceramics

Glass ceramics are two phases containing polycrystalline materials formed by the
controlled crystallization of glasses. In general, there are three principle routes available to
produce glass ceramics: (I) glass ceramic route, (II) sintered route, and (III) sol-gel
route.'”?

I). The traditional approach is the glass ceramic route. Here, glass ceramics are prepared
by the controlled crystallization of the base glass at temperatures above Tg.192
Crystallization can be divided into two subsequent stages: nucleation and crystal growth
stage. The first stage is holding the base glass at a relatively low temperature T,
(nucleation temperature) to form a high density of nuclei or to promote phase separation.
The second stage is carried out at a higher heat treatment temperature T, (crystal growth
temperature) to induce the growth of the nuclei at a reasonable rate."> Considering energy
effectiveness, single heat treatments can also be applied to some glass systems presenting
an extensive overlap of the nucleation rate and crystal growth rate in a certain temperature
range.

IT). Glass ceramics prepared by sintered route were proposed by Sack in 1965."" In this
case, glass frits are sintered and surface crystallized. This method could utilize surface
imperfections in quenched frits as nucleation sites. The biggest advantage of this method is

. . 1
that glass ceramics can be coated on metals or other ceramics. "
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IIT). Glass ceramics can be synthesized by sol-gel route at far lower temperatures than
those of the conventional melting and quenching method. Sol-gel glasses can avoid many
processing problems, such as phase separation and uncontrolled crystallization occurring
during high temperature melting process. Additionally, it is possible to encapsulate organic

compounds or metal complexes in the sol-gel glass."*

Furthermore, the gels can be formed
in different shapes.

The properties of the glass ceramics are mainly determined by the crystalline phases
precipitated in the base glass, and by their microstructure, which can be tailored by
crystallizing glasses with appropriate chemical compositions, and controlling the crystal
nucleation and growth steps. The volume nucleation of crystalline phases in glasses can
occur from two mechanisms, i.e., homogeneous and heterogeneous nucleation. During
homogeneous nucleation, the nuclei develop from their own composition, while nuclei
arise from foreign boundaries in the case of heterogeneous nucleation.'””

Some glass compositions are nucleated homogeneously. But to enhance the internal
nucleation rate and phase separation process, nucleating agents are commonly added to
base glass compositions. Oxides (e.g., TiO,, ZrO,, Cr,03, NiO, WO3;, MoOs, P,Os and
V,0s), metallic colloids (e.g., Cu, Au, Ag, Ru and Pt) and F ions are normally used as
nucleating agents."

Based on the Stookey’s fundamental studies, the first commercial glass ceramic was
produced by Corning Glass Works in 1957.">"*"7 Since then a wide range of glass
ceramics have been developed and played an important role in our daily life. The
commercial glass ceramics are generally based on silica-containing glasses, including
silicates, aluminosilicates, and fluorosilicates. Silicate glass ceramics are mainly comprised
of alkali and alkaline earth silicate crystals, such as lithum silicate (Li,Si03 and Li,Si,0s),
magnesium metasilicate (MgSiOs), calcium-magnesium metasilicate (CaMgSi,Os) and
calcium metasilicate (CaSiO;). To date, aluminosilicate glass ceramics are the most
successful developed and commercialized glass ceramics. Li,0—Al,0;—Si10; (LAS), MgO-
Al,03-S10; (MAS), ZnO-Al,03-Si0;, (ZAS) are the most studied systems. Accordingly,
transparent -quartz-, mullite-, spinel-based oxide glass ceramics have been developed and
found applications in many areas.'”’ Fluorosilicate glass ceramics show unique mechanical
properties due to highly anisotropic crystals. Mica and chain silicates based glass ceramics
are good examples. Mica glass ceramics present mechanical machinability, while chain
silicates based glass ceramics display extreme strength and toughness. The sheet and chain
structures of mica and chain silicates based glass ceramics are both stabilized by the F~

ion.!®
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Meanwhile, transparent oxyfluoride glass ceramics, first reported by Wang and Ohwaki
in 1993, were investigated extensively over the last two decades.'”®>* They combine the
advantages of both fluoride crystals (low phonon energy ~500-650 cm ', high level RE
ions solubility and large transmission window up to ~6 um) and glasses (e.g., broad
compositional flexibility, high homogeneity, and easy fabrication such as fibers and large
size plates). Up to now, many kinds of oxyfluoride glass ceramics have been developed,
including BaF,, StF,, CaF,, MgF,, PbF,, CdF,, NaYF,, LaF;, and YF3.'"**%

Normally, glass ceramics with crystalline volume fraction of ~50-95 vol% are not fully
crystallized. One or more crystalline phases may appear during heat treatment. The
composition of the crystalline phases and of the residual glass can differ from that of the

201
precursor glass.

During the heat treatment process, the RE and TM ions can be
selectively incorporated into the newly formed crystal phases. If the RE and TM ions can
be incorporated into the crystalline phases after crystallization of the precursor glass, the
combination of the excellent optical properties of poly-crystal and manipulation of the
oxide glass is obtained.

Glass ceramic is a new material class with some special properties, which have not been
totally known to date. Unlike the conventional ceramics, glass ceramics have almost no
pores, because no pressing and sintering are needed for the glass ceramics fabrication.
Since a glass ceramic consists of both ordered crystalline regions and disordered
amorphous regions, it combines the advantages of both non-crystalline glasses (e.g., well-
controlled dopant concentration and easy fabrication such as fibers and large size plates)
and crystalline ceramics (e.g., optical activity, and excellent capability to host dopants).>'?
These properties allow glass ceramics to be used in a wide range of applications in many

- 202
areas of science and technology.
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2. Cumulative summary

Most of the data in this thesis have been published in peer reviewed journals. Thus, the
results and discussion part of the thesis will be presented in the form of a collection of

publications in the peer reviewed journals.

2.1. Enhanced photoluminescence from mixed-valence FEu-doped

nanocrystalline silicate glass ceramics

Both Eu®* and Eu’’ ions can be stabilized in BaAl;Si,05/LaBO; glass ceramic. The
incorporation of Eu®* ions on La’" sites in LaBO; crystalline phase after crystallization
results in the improved PL properties of Eu’". Besides, Eu’™ ions can be partially reduced
to Eu”" owing to the incorporation of Eu’" on Ba®’ sites in BaAl,Si,Oy crystalline phase

after crystallization. The first paper presents these results in detail.

G. Gao, N. Da, S. Reibstein and L. Wondraczek, Opt. Express 2010, 18, A576—A583. -
Reproduced by permission of The Optical Society of America.

http://www.opticsinfobase.org/oe/abstract.cfm?uri=oe-18-S4-A575
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Abstract: Intense photoluminescence was observed from mixed-valence
Eu-doped nanocrystalline BaAl,Si,Og/LaBQO; glass ceramics. For
preparation in air, the ratio between Eu’* and Eu®" luminescence depends on
synthesis temperature. XRD, TEM and IR absorption spectra were
employed to characterize the crystallization process and structural properties
of the precursor glass and corresponding glass ceramics. When annealed at
950 °C, the material exhibited photoluminescence more than ten times
stronger than was found in its glassy state. Spectroscopic data indicate that
during such a heat treatment, even in air, a significant part of the Eu’" ions
is reduced to Eu®'. Lifetime of the °D, state of Eu’' increases with
increasing heat treatment temperature. Eu®* species are largely incorporated
on La’" sites in LaBO; crystallites whereas Eu”" locates on Ba®" sites in the
hexacelsian phase. A mechanism for the internal reduction of Eu’' to Eu?' is
proposed. Spectroscopic properties of the material suggest application in
additive luminescent light generation.

© 2010 Optical Society of America
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1. Introduction

Over the last few decades, optical propertics of rare-earth (RE) ions doped into various host
materials have been studied extensively. mainly with respect to potential application in solid
state lighting, displays, lasers, optical amplifiers, sensors, etc [1]. Of the various RE species,
europium is (raditionally occupying a dominant role. The electronic configuration of Eu is
[Xc]4075d°6s”. In oxide matrices, it is usually incorporated as Eu” or Eu”". Depending on
valence statc. its red (Eu’") or bluish (Eu™) luminescence is widely known and made usc of in
various applications. In the case of Eu®', photoluminescence typically originates from £f
transitions which are practically independent of ligand field strength. The corresponding
emission spectrum comprises relatively narrow bands, in glasses usually dominated by the
°D, — 'F, transition at a wavelength of about 612 nm. On the other hand, for Eu™,
photoluminescence evolves from f~d relaxation. In this case. corresponding emission bands
are typically rather broad and strongly field-dependent (e. g. [2—4]).

Doping Eu’™ into glass ceramics may be motivated by various aspects. Most importantly.
compared to conventional solid-state reactions, the glass ceramic route enables to benefit from
all the advantages of glass processing. That is, glasses with very broad compositional
Mexibility, very high homogencity and well-controlled dopant concentration may be preparcd
(and rccycled) by conventional melting, and can, in principal, bc processed almost
univcrsally [5]. In a sccond step of thermal anncaling, onc or more crystalline phases are then
precipitated from the glass. preferably by internal nucleation without affecting macroscopic
geometry of the as-processed body. The structure of the precipitated crvstallite species is
typically controlled by composition and annealing procedure. Depending on the availability of
sufficiently large (or small) lattice sites, the dopant will at least partially enter (or not enter)
the crystalline phase [6]. As a consequence, the spectroscopic properties of the material
change. For instance, if the dopant dogs not ¢nier the crystalline phase, it will ultimatcly be
coriched in the residual glass phasc and, c.g.. concentration quenching may be obscrved.
Alternatively. emission intensity may be increased as a result of multiple scattering at the
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newly developed glass-crystal interfaces |7]. Multiple scattering may also occur in the
contrary case, if the dopant enters the crystalline phase. As a result of the changing ligand
field, distinct changes may occur in the emission spectrum as well as in the lifetime of the
excited states. Internal QE may be affected by a change in the phonon-electron interaction
and, hence. the probability of non-radiative transfer. Additionally, a change in the absorption
cross section may [urther lead 1o increasing emission intensity. Often, it is thus highly
desirable (o, via developing glass ceramics, combine advantages of glasses and polycrystalline
matcrials. From a standpoint of optical application, it is usually cven morc desirable to
prepare glass ceramics with high crystallite number density and low crystallite size. Such
nanocrystalline glass ceramics, suitable as host material of Eu-dopants, can be obtained only
from a rather limited number of chemical systems [8—11].

Usually, in order to stabilize Eu™, synthesis of the doped material requires a reducing
atmosphere (g.g. H- or CO). However, it has been shown that in relatively acidic glasses such
as Al:0:-SiO; [12]. alkaline earth borate [13] or infiltrated nanoporous silica [14]. the redox
cquilibrium can be pushed towards Eu™ even for melting in oxidizing atmosphere. Similarly,
various polycrystalline materials, typically prepared via solid state reaction, are now known
where Eu”' can be stabilized even when synthesizing in  air, e.g. alkaline earth
aluminosilicates [15], BaMgSiO, [16], BaAl-O, [17]. and Li>SrSi0, [18]. However, little
attention has been paid in this respect to Eu-doped glass ceramics. The present work therefore
focuses on a novel mixed-valence Eu-doped nanocrystalline glass ceramic material in which,
after synthesis in air. the luminescence ratio of Eu*"/Eu’" can be controlled by the temperature
of annealing and the degree of crystallization.

2. Experimental

Samplcs of nominal composition (mel.%) 33.35i10--10A1,0:-16.7B-0;-35Ba0-5La-0;-
0.2Eu-0; (SABBL) werc preparcd by conventional melting and quenching from a 100 g batch
of analytical grade reagents SiO., Al-Os. HsBO;. BaCOs; LayOs and EuxQs;. Melting was
performed in alumina crucibles at 1600 °C for 2 hours. Glass slabs were obtained after
pouring the melts into preheated (500 °C) graphite moulds and annealing for 2 h. From these
slabs. disks of 10x10x1 mm’ were cut and polished (SiC/water). Subsequently, samples were
heat-treated on an alumina substrate at temperatures between 800°C and 950 °C (step size 50
°C) for 2 hours in ambient atmosphere. During this procedure. glasses were transformed into
translucent glass ceramics. Structural characlerization was performed by X-ray diffractometry
(XRD. Sicmens Kristalloflex D300, Bragg-Brentano, 30 kV/30 mA. Cu Ka) and infrarcd (IR)
absorption spectroscopy (FTIR spectroscopy. Pekin-Elmer 1600) in the wave number range of
400 - 2000 ¢cm ' with a resolution of 2 cm ', Photoluminescence was studied with a high-
rcsolution spectrofluorometer and by single photon counting (Horiba Jobin Yvon Fluorolog-
3), using a static Xc¢ lamp (450 W) and a Xc flashlamp (75 W) as cxcitation sourccs,
respectively. All spectroscopic analyses were performed at room temperature. Transmission
electron microscopy (TEM) was performed on a Philips CM30 at 300kV. For that, samples
were cut in slices, polished, dimpled ans subsequently ion-thinned and coated with a thin
carbon layer.

3. Results and discussion
3.1 Structural characterization

XRD patterns of Eu-doped SABBL samples arc shown in Fig. 1. The as-mclied specimen
docs not ¢xhibit any discrete diffraction peaks. confirming its amorphous naturc. Anncaling
resulted in the gradual precipitation of hexacelsian |19]. BaAl:Si,0;, (JCPDS card no. 00-
012-0725). first observed after heat-treating for 2 h at 850 °C. Subsequently, after treatment at
950 °C, an orthorhombic high-temperature polvmorph of lanthanum orthoborate can be
observed (JCPDS card no. 00-012-0762). The latter is assumed to be a result of lattice
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distortion in monoclinic LaBO; ([20], JCPDS card no. 00-073-1149) due to the incorporation
of impurities such as, eventually, Eu-ions [21]. Both phases can readily be observed by TEM
(Fig. 1, right).
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Fig. 1. XRD pattern of as-made Eu-doped SABBL and corresponding samples after annealing
at various temperatures (left). Right: Bright field image showing diffraction contrast of needle-
shaped hexacelsian and globular LaBO; crystallites. Inset: Corresponding diffraction pattern,
resulting from contributions of several crystals with different orientation.

Corresponding FTIR absorption spectra are presented in Fig. 2. Spectra were normalized
to the intensity of the peak at around 960 cm . In Fig. 2(a), the deconvolution of the spectrum
of the as-made glass into cight individual peaks is shown. These are attributed to Si-O-Si
asymmetric bending of SiO, tetrahedra (=450 cm ' [22]). due to the impact of the Ba*'
network modifier ion deconvoluted into two peaks at 441 cm ' and 481 cm ' [12], the B-O-B
bending vibration in trigonal BOs, overlapped by vibrations of the AlOs-group at 702 cm™
[23,24], B-O-B stretching in tetrahedral BO,, overlapped by vibrations of Si-O™ non-bridging
oxygen at ~950 cm ' [13]. the Si-O-Si asymmetric stretching vibration at 1052 cm™' [25].
asymmetric stretching of the B-O" non-bridging oxygen at 1233 cm™ and 1395 cm™ [13.26]
and boroxol rings at 1306 cm ' [27]. Upon transition to the glass ceramic [Fig. 2(b)], distinct
sharpening and splitting of these bands can be observed. 1. e., splitting of the Si-O-Si
asymmetric bending increases. At the same time, the B-O-B bending vibration of trigonal BO;
shifts to higher energy and decreases in intensity, and a new band evolves at ~650 cm™'. Also
the broad resonance at around 960 cm ' sharpens, shifts towards higher energy and, upon
crystallization, deconvolutes further into at least three distinct bands. The intensity ratio of the
bands at ~960 cm' and ~700 cm ' increases with increasing crystallization progress,
indicating a transition in boron coordination from trigonal to tetrahedral. Consequently, also
the resonances of the asymmetric stretching vibrations of non-bridging oxygen sharpen, and
the band centered at ~1233 cm ' (B-O™ of BO,) increases in intensity.

3.2 Photoluminescence from Eu’" centers

As noted before, it is well know that in a solid matrix, photoluminescence from Eu’" is
dominated by the 4f°5d — 4f transition, while emission from Eu’" ions results from
Dy—'F; (J = 0-4). Both species can thus be unambiguously distinguished by luminescence
spectroscopy.

Room temperature excitation spectra of Eu’" (monitoring the 612 nm emission) in
Eu-doped SABBL glass and glass ceramics arc shown in Fig. 3(a). Broad excitation peaks
correspond to Eu’' transitions from the ground state ('Fy) to the indicated excited levels. The
most intense excitation peak corresponds to the 'Fo—> L transition at 393 nm and was used in
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the following for recording Eu’' emission spectra [Fig. 3(b), relaxation from °D, to the
indicated states]. As visible from Fig. 3(b), upon heat-treatment, the luminescence propertics
of Eu’" ions undergo significant changes. That is, firstly, upon crystallization, intensity of all
excitation and emission peaks increases notably. In principle, this may be a result of either
multiple scattering, increasing absorption cross section or increasing quantum efficiency,
eventually caused by the incorporation of Eu*" in a crystalline environment. In a more detailed
consideration, it further becomes visible that particularly the emission bands of
Dy — 'F1 (587 nm), "Dy — 'F5 (648 nm) and "D, — 'F, at (702 nm) become sharpen and that,
relative to the overall increase, their intensity increase is stronger (i.c., the intensity ratio of
these peaks to the 612 nm - peak increases). This change is most prominent when the
annealing temperature reaches 950 °C and is taken as a clear indicator that at this temperature,
Eu’* species are incorporated into one of the crystalline phases.
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Fig. 2. FTIR absorption spectra of SABBL samples. In (A) the deconvolution of the spectrum
of the as-made glass is shown. (B) shows spectra of samples after annealing at different
temperatures.
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Fig. 3. Eu*"-excitation (A) and emission (B) spectra of as-melted glass and SABBL samples
after annealing at various temperatures. Inset of (B): Zoom at the spectral region of
500-570 nm.

The °D,—'F, transition is clectric-dipole allowed and, hence, the intensity of the
corresponding photoemission depends strongly on the symmetry of the Eu’" environment.
Contrary, “Do—F; is magnetic-dipole allowed and is independent of local symmetry [9]. As a
result, the ratio R of the emission intensitics of ’Dy—'F, and “Dy—>F; can be taken as a probe
of the ligand asymmetry in the vicinity of Eu’* ions. High values of R indicate low ligand
symmetry and high bond covalency. For the present case, R is plotted as a function of the
annealing temperature in Fig. 4. Its value decreases with increasing annealing temperature
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from about 3.8 to 1.30. Hence, with higher heat treatment temperature, Eu’" locates in an
increasingly symmetric environment of less covalent character.
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Fig. 4. Asymmetry ratio of the emission intensities of Eu* transitions of *Dy—F, and *Dy—"F;
for as-melted as well as annealed (2h) SABBL samples for different annealing temperatures.

For the glass ceramic, the emission bands of Dy — 'F; and *Dy — 'F, exhibit strong Stark
splitting into two or three, respectively, distinct bands. For the as-melted glass, splitting of the
D, — 'F; transition into three peaks indicates the low symmetry of the Eu®" environment.
Upon crystallization, these split bands become sharper and gradually overlap. This is a further
indicator of the increasing symmetry of the Eu’" environment. A similar conclusion can be
drawn from the evolution of the split emission bands of *Dy, — 'F; and D, — 'F..

Typically, photoluminescence from Eu’" ions doped into glasses always results from Do,
regardless of which was the highest excitation band. The reason for this is the occurrence of
fast non-radiative relaxation of the 5D](1_3) states by multiphonon interaction. In the spectral
range of 550 to 570 nm, photoemission (from 5D](1_3)) is therefore very improbable. However,
as shown in the inset of Fig. 3(b), for the crystallized samples, photoluminescence from higher
lying excited levels "D, — 'F) , 5 4 peaking at 525, 535, 551, 560 nm can indeed be observed
and the intensity of these bands increases with increasing crystallization. As will be discussed
in the following, the recason for this is the lower maximum phonon energy in the vicinity of
Eu’* species embedded in the crystalline phase, resulting in less-likely non-radiative energy
transfer (see also Fig. 2).

Considering charge and ionic radius, it appears highly probable that the incorporation of
Euv’" occurs via substitution of La’" in LaBO; [28]. This is further confirmed by the
transformation of monoclinic LaBO; into an orthorhombic polymorph, La,Fu, BOs, which
appears, as already discussed, related to the presence of a stabilizing impurity species (i.e., in
the present case, Eu’"). In the consequence, photoluminescence from Eu®' centers is strongly
enhanced. Dynamic emission data for the Dy—'F, and °D¢—'F; transitions of Eu’",
respectively, are shown in Fig. 5(a) and 3(b). For all samples, the observed decay curves
follow a single exponential equation. Corresponding emission lifetimes were found to
increase from 1.81 to 2.56 ms "Dy—F>) and 1.95 to 2.63 ms ("D,—F,). tespectively, from
glass to glass ceramic. Longer emission lifetimes as observed for the crystallized specimens
indicate lower probability of non-radiative energy transfer. This may originate from the lower
maximum phonon energy of XBO; which lies within the range of 1296 cm™ (X = La) and
1040 cm ' (X = Eu) [28].
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Fig. 5. Luminescence decay curve of Fu®" emission resulting from *Do—"F; (A) and *Dy—"F,
(B) in as-melted Eu-doped SABBL and after annealing at various temperatures.
Inset: Exponential plot of the same data, shown for clarity.

3.3 Photoluminescence from Ew’" centers

Monitoring photoemission at 450 nm, a diffcrent set of excitation spectra of Eu-doped
SABBL glass and glass ceramics is shown in Fig. 6(a). The strong excitation band peaking at
350 nm is assigned to the 4f'—4f°5d' transition of Eu™". Corresponding emission spectra
(excited at 350 nm) are shown in Fig. 6(b). Emission bands in the spectral range of 570 to 670
nm clearly belong to the already-discussed transitions from *D, to 'F; (J =0, 1, 2, 3 and 4) of
Eu*". However, in samples which were annecaled at 800 °C or higher, additional broad
emission bands appear at around 400 and 510 nm. These are readily assigned to the transition
41°5d—4f" of Eu*" ions (noteworthy, blank reference samples of SABBL glass and glass
ceramics did not exhibit any photoluminescence in the considered spectral range).
Interestingly, the quantity of divalent europium ions appears to be affected by the annealing
temperature: For the temperature regime of 800-900 °C, Eu*'-related emission intensity only
slightly increases with increasing annealing temperature (whereby the as-melted glass sample
did not shown any photoluminescence in this spectral range). When treated at 950 °C for 2 h,
a sudden and strong jump is observed in the emission intensity from Eu" centers. Although
while at the same time, photoluminescence intensity from Eu’" centers, as well, increases, the
ratio of Ew’/Eu” -rclated emission intensity strongly decreases with increasing annealing
temperature. This is interpreted as a redox transition from Eu’" to Eu*’, caused by the
annealing process. Hence, the quantity of Eu®" emission centers increases with increasing
annealing temperature.

(A) |5 - —— Glass matrix “'fé\\,\ 4. =350 nm ——as-melted
N - 450 nm //VV\\  a0°Con = e - 800°C 2h
/ N\ ——850°C2h // N —850°C2h
— / \, ——900°C 2h — / \, ——900°C2h
S / \ ——950°C 2h S / \ | ——950°C 2h
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s / el
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O~ - N
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Fig. 6. Eu*'-excitation (A) and emission (B) spectra of as-melted glass and SABBL samples
after annealing at various temperatures. Inset of (B): Zoom at the spectral region of
375-675 nm.
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The decay curve of the Eu*'-related photoemission from a crystallized sample of SABBL
(950 °C, 2h), monitored at 450 nm, is shown in Fig. 7. An effective non-exponential emission
lifetime of 29.3 s is obtained from these data. The decay curve can best be fit by a second-
order exponential decay function, resulting in two distinct emission lifetimes, i.e. 17.6 and
34.5 ps. This is taken as further evidence for the present of at least two types of Eu*"-emission
sites.
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Fig. 7. Luminescence decay curve of Eu® emission from SABBL after annealing for 2 h at
950 °C. Inset: Exponential plot of the same data, shown for clarity.

In the following, a possible mechanism for the internal reduction of Eu*" to Eu®' is
proposed on the basis of charge compensation [4,18-20]. Firstly, it is assumed that Eu*' is
incorporated on Ba®" sites in the BaAl,Si,Og hexacelsian phase. While in principle,
considering ionic radius alone, Eu*' could readily be incorporated on the relatively large
interstitials as well as on either of the cationic sites, this assumption is based on charge and
coordination equivalence. In order to incorporate Eu-species in this lattice, for reasons of
charge balance, two Eu’" ions are needed to substitute for three Ba*" ions, resulting in the
formation of one barium vacancy. This vacancy then acts as the donor of electrons to Eu’".
The whole process is presented in the following equations:

3Ba’ +2Eu™ — V", +2[Eu’' [, )
Ve >V +2e )
2[Eu™ |5, +2¢ —2[Eu™ [}, (3)

Only a comparably small number of Eu’" species enters the hexacelsian phase where it is
reduced to Eu”". There, it may be present on one of the two differently coordinated (sixfold
and cigthfold, respectively) Ba®' sites, what gives rise to the occurrence of the distinct
emission bands [Fig. 6(b)] and the fact that the decay curve (Fig. 7) does not follow a single
exponential equation. Compared with the Ba®™ site in BaAl,Si,Os, the La’" site in LaBO;
represents an highly suitable host for Eu’" dopants [28].

Hence, the evolution of luminescence properties with increasing degree of crystallization
can be understood as follows: For annealing at ~850 °C, the onset of hexacelsian precipitation
can be observed (Fig. 1, left). In this temperature range, however, crystallization kinetics
appear rather slow. Crystallization is promoted by increasing the annealing temperature.
During hexacelsian precipitation, the composition of the residual glass phase shifts towards
higher molar content of B,O; and La,O until at ~950 °C, crystalline LaBO; precipitates as the
secondary crystalline phase. In accordance to this assumption, TEM indicates precipitation of
LaBO; primarily at the glass- BaAl,Si,O¢ interface (Fig. 1, right). During this process,
Eu’' species are first partly incorporated into the hexacelsian phase, where they are
immediately reduced to Eu®", occupying one of the two available distinct Ba*"-sites. With the
subsequent precipitation of LaBOs, another part of the Eu’" ions is incorporated on La®" sites,
leading to the formation of orthorhombic (La;,, Eu)BOs; [21,28]. Consequently,
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photoluminescence occurs simultancously for Eu®' and Eu’' species. The whole process is
overlapped by additional changes in the extent of multiple scattering, especially with the
occurrence of the secondary crystalline phase at 930 °C.

4. Conclusions

In summary, the photoluminescence properties of Eu-doped SABBL glasses and glass
ceramics were studied. XRD. FTIR and TEM analyses indicate the formation of hexacelsian
BaAl-Si>Oy and monoclinic LaBO; after annealing at > 850 °C and = 950 °C. respectively.
While no Eu”" species are present in the as-melted glass, upon annealing. Eu’®' ions are partly
incorporated into the hexacelsian phase. There. they are immediately reduced to Eu™". The
reduction process may be understood on the basis of a charge compensation model. In the
hexacelsian environment. Eu™" ions occupy the two distinct Ba™" sites. LaBO; precipitates as
secondary crvstalline phase and provides a further host for Eu’~ species. Their incorporation
Icads to the stabilization of an orthorhombic polymorph of LaBOs; and simultancous
photocmission from Eu™™ as well as Eu’ centers can be obscrved. At the same time.
Eu’™- related photoemission strongly intensifies. The lifetime of the excited state of “D,
increases as a result of decreasing phonon energy. Spectroscopic properties of the material
suggest application in additive luminescent light generation.
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2.2. Tunable dual-mode photoluminescence from nanocrystalline Eu-

doped Li,ZnSiO,4 glass ceramic phosphors

Eu’' ions can be stabilized in Li,ZnSi04 glass ceramic. During the controlled nucleation
and crystallization processes, Eu’" ions are partially incorporated into Li,ZnSiO4
crystalline phases, and are gradually reduced to Eu”". The resulting PL color ranging from

orange/red to blue can be tuned by adjusting the annealing temperature.

G. Gao, S. Reibstein, M. Peng and L. Wondraczek, J. Mater. Chem. 2011, 21, 3156-3161.
-Reproduced by permission of The Royal Society of Chemistry.
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‘We report on tunable photoluminescence from mixed-valence Eu-doped nanocrystalline Li>ZnSiO,
glass ceramics. After preparation of the precursor glass in air, gradual reduction of Eu** to Eu** occurs
intrinsically during thermal annealing and precipitation of crystalline Li>ZnSi04. Dual-mode
photoemission can be generated for exciting at a wavelength of about 360 nm. The resulting colour of
luminescence, ranging from orange/red to blue, can be controlled by adjusting the annealing
temperature and, hence, the degree of crystallization: with increasing annealing temperature, the ratio
of luminescence intensities related to Eu** and Eu®* species, respectively, varies as a result of increasing
degree of Eu**-reduction as well as distinct changes in the optical scattering behaviour of the obtained
glass ceramic. At the same time, the bandwidth of Eu**-related photoemission increases from 87 to
154 nm. The underlying mechanisms of photoemission and energy transfer from Eu®* to Eu** are
discussed on the basis of dynamic emission spectroscopy and structural considerations, and

a description of the internal reduction process is given.

Introduction

Inorganic phosphor materials based on lanthanide-doped oxides
and mixed-anion species are receiving great attention for
potential applications in solid state lighting, display technology
and various other areas."* Among the various dopant species,
europium in divalent or trivalent oxidation state is traditionally
occupying a dominant role. The electronic configuration of Eu is
[Xe]4175d%s*. Photoluminescence from Eu’*-doped matrices is
characterized by a series of sharp emission bands which are
located in the red spectral region. They can be assigned to the
electronic transitions Dy — 'F; (J =0, 1, 2, 3, 4) and, hence,
their position is practically independent on ligand field strength
whereas their intensity ratio is partly related to ligand symmetry.®
For Eu**, photoemission occurs as a result of 4f°5d'(Tz,) —
47(*S7;2). In this case, the active electronic level is not shielded
against the surrounding ligands and position and width of the
emission band are strongly dependent on the host lattice.5®

In oxide matrices, particularly when employing Eu,0; as raw
material, europium is usually incorporated in its trivalent form.
In order to obtain Eu**-doped materials, one of four general
reduction strategies can typically be applied: (i} to prepare the
material in a strongly reducing atmosphere, e.gz. H> or CO (e.g.
ref. 10), (ii) to extrinsically reduce the polyvalent species in an as-
prepared material, e.g. by high-energy photoreduction or
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Erlangen, 91058, Germany. E-mail: lothar.wondraczek@ww.uni-erlangen.
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China University of Technology, Guangzhou, 510641, China.

thermal treatment in a reducing atmosphere (e.g. ref. 11-13), (iii)
to provide a sufficiently acidic environment in which the reduced
species can be obtained even for synthesis in air,"*?' or (iv) to
promote an intrinsic reduction process, e.g. by initiating a struc-
tural rearrangement in a frozen-in system.*** For environ-
mental, technological and cost-related reasons, the latter two
methods are the most attractive, but can be applied only to
a limited number of chemical systems.

Compared to conventional solid-state reaction, the glass
ceramic route (preparation of a precursor glass and recrystalli-
zation of this glass to a dense and homogeneous polycrystalline
material?*) provides various technological and property-related
advantages (e.g. ref. 25-28). Specific to the present case, it
enables an attractive strategy to generate Eu** and mixed-valence
Eu-doped materials via path (iv).>* Nanocrystalline Eu-doped
LizZnSi0,4 glass ceramics are therefore introduced as such
a material. Based on structural considerations as well as dynamic
and static spectroscopic data, it is shown in the present report
how the ratio between divalent and trivalent europium dopants
and, hence, the colour of photoluminescence can be finely tuned
from blue to orange and red by controlling the annealing and
crystallization process, and how dual-band photoemission can be
achieved.

Experimental

Zinc silicate glasses represent a classical candidate for the
precipitation of nanocrystals after annealing. In particular, on
the zinc-rich side, nanocrystalline B-willemite (Zn,8i0,4) glass
ceramics can readily be obtained.? If crystalline Li,ZnSiO, is
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precipitated, it is expected that aliovalent substitution of Zn** by
Eu’* can take place. In other matrix materials, such aliovalent
substitution has been suggested as the primary driving force for
intrinsic reduction of Eu** to Eu®, even in oxidizing atmo-
sphere.’®'*1831 Tt should hence enable a facile route for the
simultaneous stabilization of Eu** and Eu** in a non-toxic matrix
material. To study this hypothesis, precursor glasses with
nominal composition (mol%) 48Si0,-24Li,0-16Zn0O-8A1,0;—
3K,0-1P,05-0.2Eu,05 (SLZAKP) were prepared by conven-
tional melting and quenching from a batch (100 g) of analytical
grade reagents SiO,, Li,CO;, ZnO, Al,Os, K,CO;, NH4H,PO,
and Eu,0;. Melting was performed in alumina crucibles at
1600 °C for 2 hours. Glass slabs were obtained after pouring the
melts into preheated (400 °C) graphite moulds and annealing for
2 h at 450 °C. From these slabs, disks of 10 x 10 x 1 mm? were
cut and polished. Subsequently, individual samples were placed
on alumina substrates and annealed for 2 h at 550, 600, 650, 700
and 750 °C, respectively, in ambient atmosphere. Annealing
temperatures were chosen on the basis of previous high-
temperature X-ray diffraction experiments and differential
thermo-analyses. During the annealing procedure, glasses
transformed into opalescent glass ceramics via precipitation of
a homogeneously distributed nanocrystalline phase. These glass
ceramics were first analyzed by X-ray diffractometry (XRD
Siemens Kristalloflex D500, Bragg-Brentano, 30 kV/30 mA, Cu
Ka). Subsequently, photoluminescence was studied with a high-
resolution spectrofluorometer and by time correlated single
photon counting (TCSPC, Horiba Jobin Yvon Fluorolog FL3-
22), using a static Xe lamp (450 W), a Xe flashlamp (75 W) and
a ps-LED-source at 370 nm (nanoLED), respectively, as excita-
tion sources. For detection, a Peltier-cooled photomultiplier tube
(Hamamatsu PMT 925) was used. Excitation curves were cor-
rected over the lamp intensity with a silicon photodiode. External
quantum efficiency (eQE) of each sample was obtained from four
individual measurements, using a BaSO4-coated integration
sphere, i.e. by recording absorption and emission spectra of the
sphere with and without sample. CIE color coordinates were
subsequently determined by integrating the emission spectrum.
Photographs of the samples were taken under 40 W UV-A
broadband illumination. All spectroscopic analyses were per-
formed at room temperature.

Results and discussion
X-Ray diffraction

XRD patterns of SLZAKP samples are depicted in Fig. 1. The
as-melted specimen does not exhibit any discrete diffraction
peaks, confirming its amorphous nature. After annealing at
various temperatures, samples initially remain fully transparent
before (for annealing temperatures =650 °C) starting to turn
increasingly translucent, what empirically indicates precipitation
of a nanoscopic secondary phase. For annealing within ~550 to
700 °C, XRD patterns suggest assignment to Li,ZnSiO,4 (JCPDS
card no. 00-024-0682) as the sole crystalline species. Li,ZnSiO4
(monoclinic, space group Pmn2y, a = 0.613 nm, b = 0.537 nm,
¢ = 0.494 nm*®) is structurally related to Li;PO,, where all
cations are fourfold coordinated. Minor amounts of willemite
(Zn,Si04) may be present in samples which were annealed at

Intensity (a.u.)

15 20 25 30 35 40 45 50 55 60 65 70
20 ()

Fig. 1 XRD patterns of as-melted SLZAKP glass and corresponding
glass ceramics for different annealing temperatures.

higher temperature.?® With increasing annealing temperature,
diffraction peaks increase in intensity and become sharper. In
a first consideration, the observed peak shift is taken as a result of
lattice distortion due to the assumed incorporation of relatively
large Eu**-ions (1.25 A) on Zn**sites (0.60 A).

Eu**-luminescence

Fig. 2 shows Eu’*-related excitation and emission spectra of as-
made SLZAKP and after annealing at various temperatures. The
relatively broad excitation bands can readily be assigned to
transitions from the ground state ("Fy) to the indicated excited
levels.>® The most intense excitation peak, located at 393 nm,
corresponds to the transition ’Fy, — SLg. In the following, this
peak was used to record Eu*" emission spectra (Fig. 2B, elec-
tronic dipole relaxation from Dy to the indicated states). Here,
for the as-made glass, the strongest emission is observed at 612
nm (°Dy — 'F,). Thermal annealing results in significant changes
of photoemission as well as in the excitation schemes. Generally,
all emission bands attain a maximum for samples which were
heat-treated at 600 °C (e.g., a fourfold increase in emission
intensity was observed for the 612 nm band as compared to that
of the as-made glass). While for higher annealing temperatures,
emission intensity decreased somewhat, even for the glass
ceramic which was heat-treated at 750 °C, it is still higher than
that for the as-made glass. A parallel change can be observed in
the excitation spectra (Fig. 2A). At this point, a possible expla-
nation may be that up to a temperature of 600 °C, Eu**-ions are
partly incorporated into the freshly formed crystalline phase.
As noted previously,>? the intensity ratio R of the electric and
magnetic dipole allowed transitions, respectively, of "Dy — 'F,
and Dy — ’F; which provides a means to assess ligand
symmetry of the Eu®*-site. Because Dy — ’F, is dependent on
ligand symmetry and *Dy — “F, is not, high values of R typically
indicate low ligand symmetry and high bond covalency. In Fig. 3,
obtained values of R are given as a function of annealing
temperature. Generally, a decrease of R is observed with
increasing annealing temperature, i.e. from a value of about 3.2
to 1.5. This observation is taken as evidence for the
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Fig. 2 Eu’"-excitation (A) (Ae; = 612 nm) and emission (B) (Aex = 393 nm) spectra of SLZAKP glass and corresponding glass ceramics (labels:
annealing temperatures). Inset of (B): zoom at the spectral region of 420-570 nm.
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Fig. 3 Asymmetry ratio of the emission intensities of Eu®* transitions of
Dy = "F, and °Dy — "F for SLZAKP glass and corresponding glass
ceramics.

incorporation of Eu*" species into a more symmetric environ-
ment of less covalent character, presumably the crystalline phase
of Li»ZnSi04. Noteworthy, the discontinuity in the 600-700 °C
range of annealing temperatures, as will be discussed in the
following paragraphs, may be interpreted as a result of compe-
tition between internal reduction (decreasing amount of Eu**
centers) and crystal precipitation. Accordingly, Stark-splitting of
the major emission bands "Dy — "Fy, °Dy — "F, and °Dy — "Fy,
up to three individual side-bands can be identified, Fig. 2B)
significantly increases during crystallization of the samples.
Dynamic emission data for the Dy — F; and Dy — 'F,;
transitions of Eu®*, respectively, are shown in Fig. 4A and B. At
least two individual decay processes can be identified, i.e. a fast
onewith a lifetime of about 0.5-1 ms and a slow one with a lifetime
of about 2-3 ms. With increasing annealing temperature, the
effective lifetime decreases from 2.18 to 0.97 ms "Dy — "F,) and
2.55100.49 ms "Dy — "F)), respectively. The two decay regimes
are assigned to Eu®* species in the glassy and in the crystalline
phase, respectively. Upon crystallization, the fast decay process
becomes dominant. At the same time, external quantum efficiency
decreases from 10.9% to 2.5%, what confirms the increasing
occurrence of fast, non-radiative relaxation processes.

Eu**-luminescence

Optical excitation and emission spectra of Eu** centers in
SLZAKP glass and glass ceramics are shown in Fig. 5. In the as-
melted glass, practically no Eu**-related optical activity could be
detected, indicating that only Eu®* is present. The broad UV-blue
excitation band that can be observed with increasing intensity for
increasing annealing temperature corresponds to the 4f7 —
4{°5d" transition of Eu?*. With increasing annealing temperature,
its position blue-shifts from 337 to 307 nm (Fig. 5A). Corre-
sponding emission spectra (excited at 350 nm) are shown in
Fig. 5B. They comprise a broad emission band spanning the
range of 350 to 650 nm (4f°5d'(T,;) — 4f'(*S;); noteworthy,
undoped samples did not exhibit any photoluminescence for 350
nm excitation). Clearly, as a result of annealing, Eu®* is trans-
formed to Eu** to an increasing extent. Reflected by the increase
in Eu**-emission intensity, the quantity of divalent europium
ions appears to be affected by the heat treatment temperature or
by the degree of crystallization. The position of the emission peak
red-shifts with increasing annealing temperature, i.e. from 420 to
430 nm. This is understood as a result of distortion of the
Li,ZnSiO, lattice with the incorporation of an increasing amount
of relatively large Eu** ions (Fig. 1).

The 4f°5d(T,,) — 47(®S72) emission band can also be
observed for excitation at 393 nm (Fig. 2B), although with
a much lower intensity (393 nm lies on the red tail of the exci-
tation spectrum, Fig. 5A). Intensities of Eu** and Eu** emission
bands change oppositely with increasing annealing temperature,
what directly illustrates the gradual conversion of Eu** to Eu®*
species.

Interestingly in Fig. 5B, two weak holes can be observed in
the emission band, i.e. at 393 and 464 nm. Similarly, the exci-
tation band (Fig. SA) exhibits four weak holes at 298, 318, 361
and 393 nm. The position of these spectral holes corresponds to
the luminescence properties of Eu** and, hence, indicates energy
transfer from the 5d level of Eu** to the 4f levels of Eu’*. This
energy transfer results from the overlap between Eu?**-related
photoemission at 393 and 464 nm and the ’Fy, — °Lgand 'F, —
D, transition of Eu®*, respectively. That is, from Fig. 2B, it is
obvious that Eu®* can practically not be excited at 350 nm.
Then, the emission peak which is seen in Fig. 5B at 612 nm (°Dy
— 7F,) is a clear reflection of this energy transfer. Again, the
decrease in the ratio between the intensities of the bands at
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Fig. 5 Eu”-excitation (A) (Aem = 450 nm) and emission (B) (Jex = 350 nm) spectra of SLZAKP glass and glass ceramics. Inset of (B): emission intensity
ratio of Eu*" at 450 nm and Eu®* at 612 nm (labels: annealing temperatures).

450 nm (Eu**) and 612 nm (Eu®*) with increasing degree of
crystallization reflects the reduction of Eu** to Eu**. Maximum
energy transfer appears to occur in the sample which was
annealed at 600 °C.

Noteworthy, also the width of the Eu**-related emission band
increases with increasing annealing temperature, i.e. from 87 nm
to 154 nm.

Luminescence decay curves of the 4°5d'(Tay) — 417(*S75)
band are shown in Fig. 6 (no data were plotted for the as-melted
glass and the sample which was annealed at 550 °C because of
the, in those cases, too low emission intensity). Again, especially
for the samples which were annealed at relatively low tempera-
ture, decay appears to not follow a single exponential equation,
indicating interaction of at least two distinct emission centers.
With increasing heat treatment temperature, the effective lifetime
increases from 11.4 to 46.9 ps. In accordance with the observed
broadening of the excitation spectrum with increasing degree of
crystallization (Fig. SA), for higher degrees of crystallization,
decay appears to be dominated by a somewhat slower relaxation
process. This is taken as another evidence that Eu** is present in
the crystalline phase and is attributed to the fact that Li,ZnSiO,
crystals exhibit a lower phonon energy than the glass and that,
hence, the probability of fast non-radiative relaxation is reduced.
Consequently, the observed external quantum efficiency
increases from about 0.3% (550 °C sample) to about 8.5%
(750 °C sample).

e
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Fig. 6 Luminescence decay curve of Eu®" emission from SLZAKP glass
and glass ceramics (labels: annealing temperatures).

Dual-mode luminescence from Eu?* and Eu’* centers

The strongest overlap between the excitation spectra of Eu** and
Eu** centers exists at 361 nm (Fig. 2A and 5A). As shown in
Fig. 7, simultaneous emission {rom both species can therefore
best be obtained when exciting at this wavelength. It becomes
clearly visible how, by changing the annealing temperature
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Fig.7 Eu’-and Eu**-emission spectra (Aex = 361 nm) of SLZAKP glass
and glass ceramics (labels: annealing temperatures).

during sample synthesis, the ratio between Eu** and Eu**-related
photoemission can be varied almost continuously. Accordingly,
the colour of luminescence can be tuned in this way. Corre-
sponding colour coordinates (Commission internationale de
Péclairage, CIE) are summarized in Fig. 8, together with
photographs of the samples (photographs taken under UV-A
broadband excitation). Chromaticity can be controlled from
about (0.63, 0.35) to (0.22, 0.17), ie. from orange via red and
violet to blue. This suggests various applications of the material.
For example, if combined with a green phosphor, white light can
be obtained and finely adjusted with respect to color temperature
whereby all advantages of a glass ceramic can be made use of.

as-melted

550°C

600°C

X

Fig. 8 CIE chromaticity diagram for SLZAKP glass and glass ceramics
(labels: annealing temperatures) and photographs of corresponding
samples as taken under UV-A broadband illumination.

Table1 Relative difference in ionic radii (D,, %) between matrix cations,
Eu' and Eu* (data on effective ionic radii taken from ref. 32)*

D, =100 x [Ry(CN) — Ry(CN)/R,(CN)

Dopant  Radius/A (CN)  Li* 059 (4)  Zn® 0.60 (4)  Si** 0.26 (4)
Eu' 0.947(6) ~60.51 ~57.83 ~264.23
Eu* 1.17(6) ~98.31 ~95.00 ~350.00

“CN = coordination number.

Europium reduction mechanism

2+

A possible mechanism for the intrinsic reduction of Eu** to Eu
can be formulated on the basis of charge compensation,'®*3!
considering the aliovalent substitution of available matrix
cations by Eu**. In principle, Eu** ions could be incorporated on
either of the three cation sites, i.e. Zn** (ionic radius of 0.60 ,5\),
Li* (0.59 A} and Si** (0.26 A) (ionic radii from ref. 32 and Table
1). The effective ionic radius of Eu** ions is 0.947A (for sixfold
coordinated Eu™; data on fourfold coordination are presently
not available). Comparison of ionic radii and charge mismatch,
however, points to Zn**-sites as the most probable host for Eu®*.
In order to maintain charge balance, two Eu* ions are needed to
substitute three Zn** ions. Therefore, two defects [Euz,]’, each
bearing one positive charge, and one Zn** vacancy [Vz,]” with
two negative charges will be created simultaneously during
substitution of every two Eu** ions. By continuous thermal
stimulation, electrons of the vacancies of [Vz,]” would be
released and then trapped by Eu** ions, reducing them to Eu?*,
what can be explicitly written in Kroger—Vink notation:

3Zn** + 2Eu*t = [Vz,]" + 2[Eug,) (1)
[Vzol" = [Vza]* + 2e @
2[Euzn]” + 2e — 2[Eug,|” 3)

This reaction is controlled by the degree of incorporation of
Eu** into the Li»ZnSi0, phase, ie. the degree of crystallization
and, hence, the employed annealing temperature.

Conclusions

In summary, we reported on tunable photoluminescence from
mixed-valence Eu-doped nanocrystalline Li;ZnSiOQ4 glass
ceramics. The precipitation of crystalline Li,ZnSiO, was
controlled via a process of thermal annealing of the as-melted
Eu-doped precursor glass in air. During this process, a significant
amount of Eu** ions was incorporated into the crystalline phase.
For reasons of charge compensation, Eu** was subsequently
intrinsically reduced to Eu**. Simultaneous photoemission from
both Eu-species could be obtained by exciting at a wavelength of
361 nm. Depending on the employed annealing temperature and,
hence, the degree of crystallization, the resulting colour of
luminescence could be finely tuned from orange via red and violet
to blue. Energy transfer was observed from Eu®* to Eu®*.
Evidence for the incorporation of both species into the crystalline
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environment was given on the basis of XRD, lifetime analyses,
experimental quantum efficiency and spectral sensitivity.
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2.3. Enhanced broadband green and red photoluminescence from

transparent Mn’"-doped nanocrystallized silicate glass ceramics

The CN and thus emission color of Mn*" can be well tailored in SLZAKP glass and
corresponding Lig 54yZnMn,SiO; glass ceramic. The Mn”" ion is octahedrally
coordinated in the precursor glass and gives rise to the broad orange to red emission.
During the controlled crystallization process, Mn®" is partially incorporated into the
crystalline phase offering tetrahedral sites to Mn”" species, which leads to the green

emission of ""Mn*",
G. Gao, S. Reibstein, M. Peng and L. Wondraczek, Phys. Chem. Glass - Euro. J. Glass
Sci. Tech. Part B 2011, 52, 59-63. -Reproduced by permission of German Society of

Glass Technology (DGG).
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We report on the photoluminescence (PL) of My™ -doped (Li', Zn'') aluminosilicate glasses and glass ceramics, Glass
ceramics are fubricated by controlled crystallization of as-melted precursor glasses. X-ray diffraction (XRD), electron
spin resonance (ESR) and PL analyses indicate precipitation of Liy s, Zn.Mn, 510, with relatively low x and y values
during the earlier phase of crystallization and x—1 in the later phase. During the crystallization precess, Mn™ ions,
octaltedrally coordinated in the precursor glass, partially precipitate on fetraliedral Zi* sifes. This gives rise to the
simltaneous occurrence of green and red lusminescence, vespectively, due to spin-allowed *T(G)—="A(S) and spin-
forbidden T, (G)— A (S) in "Mn® and V"Mu™. Accordingly, the amount of VMir™ species, the ratio of "Mn™"/V'Mn™
aund, hence, Hie ratio between green and red photoemission bands can be controlled by the temperature at which the glass
ceramics are prodiuced. FWHM of the resulting emission spectrum can be increased from about 100000 to about 50000
em . In parallel, as a result of multiple scattering, emission intensity appears to generally increase with increasing

degree of crystallization.

Introduction

As for most d—d transitions in transition metal ions,'V
photoluminescence from Mn™-centres ([Xe]3d") is
strongly dependent onligand field strength and may
occur over the spectral range from deep green to far
red.®® The corresponding excitation scheme spans
the spectral range of about 300 to 500 nm. Distinct
excitation bands are typically located at ~350, ~360,
~410, ~420 and ~500 nm, corresponding to the transi-
tions of A, (S)*E(D), “A,(S) = Ta(D), *A(S)—*A(C),
*E(G), PA(S)=*TAG) and °A (5)—=*T (G), respectively.
Hence, Mn™-doped phosphors have a long tradition
in various types of luminescent light sources, e.g.
ultraviolet (UV)-blue LED-based systems, fluorescent
tubes or compact fluorescent lamps (CFLs). Although
photoemission spectra are usually characterized
by one broad peak which can be, to a large extent,
shifted towards either blue or red, two principal
cases may generally be distinguished: if Mn®' ions
are incorporated on tetrahedral lattice sites ("Mn*)
photeemission typically occurs in the green spectral
range; when their coordination environment is oc-
tahedral ("™Mn™), photoemission lies in the orange
or red spectral regime. Consequently, for matrices
within which Mn* can precipitate simultancously on
both types of lattice sites, dual-mode luminescence'™
can be generated and the resulting emission spectrum
spans the spectral range from about 500700 nm. If, in
this case, the ratio of ["YMn™ )/[""Mn” ] can be adjusted
in a controlled way, the emission colour can be tuned
to generate, e.g. warm white or yellow light of high

* Corresponding author. Email lothar.wondraczek@ww.uni-erlangen.de
! Now with South China University of Technology, Guanzhou, China

colour quality. This would offer an interesting alterna-
tive to rare- earth doped materials (e.g. Refs 9, 10).

While over several decades, the optoelectronic
properties of Mn™' species have been studied for nu-
merous glassy and (poly)crystalline matrix materials,
related knowledge on Mn*-doped glass ceramics in
which both ["Mn*] and [""Mn®] can be generated
simultancously is still limited.”” In comparison to
conventional polycrystalline phosphors, such glass
ceramics, per se, offer several technological advan-
tages. In particular, they enable facile production
of luminescent microbeads by conventional melt
processing."” When the colour of photoemission is
not controlled by distinct combinations of multiple
optically active dopant species but by the process of
crystallization, they further enable straightforward
recycling by simple remelting,.

In the present paper, it is shown how such
dual-mode  luminescence can be obtained and
controlled in Mn*-doped Li,ZnSiQ, glass ceramics.
Optoclectronic  properties will be  discussed in
relation to microstructure.

Experimental procedures

Samples with nominal composition 485i0,.24Li,C.
15-8Zn0.8ALO,.3K,0.1P,05.0-2MnO (SLZAKP!12)
{mol%) were prepared by conventional melting and
quenching from a 100 g batch of analytical grade rea-
gents Si0,, Li»CO,, Zn0O, ALO,, K,CO,, NH,H:PO.and
MnCQO;. Melting was performed in alumina crucibles
at 1550°C for 2 h. Subsequently, melts were poured
into preheated graphite moulds and annealed for 2
h at 450°C. From the obtained glass slabs, individual
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specimens 10x10x1 mm in size were cut and polished.
The glasses exhibit a pale violet tint, originating from
an absorption band at ~490 nm which can readily be
assigned to traces of Mn*, 3d*% *E—°T," (Mn* does
not exhibit optical emission in the 600 nm spectral
range). Samples were then transformed into glass
ceramics via a single step heat treatment process of
2 h at 500, 600, 650 and 750°C (heating at 4 K/min),
respectively. The crystallization process was charac-
terized by differential scanning calorimetry (DSC,
Netzsch, Ar atmosphere) and x-ray diffractometry
(XRD, Siemens Kristalloflex D500, Bragg-Brentano,
30 kV/30 mA, CuK,). Static and dynamic photolu-
minescence (PL) were studied with a high resolution
spectrofluorometer and by single photon counting
(Horiba Jobin Yvon Fluorolog-3), respectively, using
a static Xe lamp (450 W) and a Xe flashlamp (75 W)
as excitation sources. All spectroscopic analyses
were performed at room temperature. Electron spin
resonance spectra (ESR) were recorded on an X-band
microwave spectrometer at a frequency of 9-7 GHz
(Bruker ESR 300E).

Results and discussion

When annealed, samples initially remain transpar-
ent but start to turn opalescent for heat treatment at
>700°C. This empirically indicates precipitation of a
sub-microscopic secondary phase by internal nuclea-
tion. For a heating rate of 20 K/min, DSC experiments
(inset of Figure 1) reveal a glass transition tempera-
ture of 531+0-5°C and the onset of crystallization at
592+0-5°C. XRD patterns of SLZAKP samples after
isothermal heat treatment at various temperatures
are depicted in Figure 1. As expected, the as-melted
specimen does not exhibit any discrete diffraction
peaks. For annealing at 500°C or higher, XRD patterns
suggest assignment™' to orthorhombic Li,ZnSiO,
(non-indexed JCPDS card no. 00-024-0681) as the sole
crystalline species. The peak arrangement appears
to match that of orthorhombic Li;gZn,,P;5ig,0s,
notwithstanding the clear discrepancy in chemistry.
Both Li,ZnSiO, and Li;sZn, ,P; §5i,.,05 are structurally
related to low-Li;PO, (JCPDS card no. 01-084-0003).
Here, as will be discussed later, we interpret the
observed patterns as a reflection of the formation of
asolid solution of Li 5.,,Zn,Mn,SiO,. The values of x
and y appear to be dependent on heat treatment tem-
perature, and, hence, the progress of crystallization.

The evolution of excitation and emission spectra
of Mn*-doped SLZAKP with increasing isothermal
heat treatment temperature is shown in Figure 2. In
accordance with the previous discussion, observed
excitation peaks can readily be assigned to transitions
from the ground state of Mn*" to the indicated levels.
With increasing heat treatment temperature and,
hence, increasing degree of crystallization, distinct
changes occur in excitation and, particularly, emission
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Figure 1. XRD paiterns of Mn** doped SLZAKP glass and

glass ceramics after heat treatments at various tempera-
tures (labels). Inset: DSC scan of SLZAKP glass

spectra of SLZAKP (noteworthy, un-doped glass and
glass ceramics did not exhibit any photoluminescence
for 315 nm excitation, indicating that Zn* ions donot
contribute to the observed luminescence):

(i) For samples which were heat treated in the tem-
perature regime of 500-600°C, the intensity of the
emission peak at 620 nm increases by a factor of 6.
This observation is interpreted as a result of multiple
scattering, increasing absorption cross section and,
hence, increasing total excitation efficiency. Interest-
ingly, although XRD clearly indicated crystal precipi-
tation already occurring in this temperature regime,
besides a relatively weak red-shift of the emission
peak, no further changes occur in the emission spec-
tra. While such changes could be taken as evidence
for the incorporation of Mn*™ into the evolving crystal
phase, their absence leads to the assumption that at
this stage, Mn*" species remain in the residual glass
phase. The red-shift is then attributed to two parallel
effects: increasing interaction between neighbouring
Mn*-centres because of volumetric enrichment in the
residual glass phase and, secondly, compositional
changes of the residual glass phase with increasing
precipitation of Li,O and ZnO.

(if) When glass ceramics are produced at higher heat
treatment temperatures, i.e. between 650 and 750°C,
arelatively sharp secondary emission band appears
in the green spectral range (centred at ~532 nm). Its
position is practically not affected by the heat treat-
ment temperature. On the contrary, the lower emis-
sion band strongly red-shifts with increasing heat
treatment temperature due to Mn-Mn interactions."
For increasing degree of crystallization, as with
the samples which were heat treated at <650°C, the
observed emission intensity increases by a factor of
about 6-8. In parallel, the overlapping pairs of excita-
tion bands of °A,(S)—*E(D) and °A(S)—~*T(D), and
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Figure 2. Excitation and emission spectra of as-melted
SLZAKP glass and corresponding glass ceramic. Labels
indicate heat treatment temperatures

*AS)—*Ai(C), ‘B and °A,(S)—*Ta(G), respectively,
sharpen notably, and all excitation bands are red-
shifted.® In order to exclude anything other than
divalent manganese species as emission centres for
the green emission peak, additional excitation spectra
were recorded for an excitation wavelength of 358 nm
(not shown). In these spectra, the red emission peak
of 'Mn* was found to exhibit a distinct shoulder in
the green spectral range for samples which were heat
treated at 500-600°C, indicating that the appearance
of the secondary green emission peak occurs indeed
gradually with increasing annealing temperature,
and that it is related to Mn* species.

Time resolved emission spectra are shown in Fig-

0

ures 3 and 4, as examplars for the as-melted glass and
the glass ceramic which was produced by isothermal
heat treatment at 750°C. The effective lifetime (i.e.
the time after which luminescence intensity decayed
to 1/e times of its initial value) of the emission band
at 620 nm (Figure 3, left) decreases with increasing
degree of crystallization, i.e. from 17-8 ms (as-made
glass) to 8:5 ms (glass ceramic produced at 750°C).
The lifetime of the red emission in glass is slightly
smaller than that of Mn* doped zinc aluminosilicate
glass." Lifetime of the 532 nm emission (Figure 4,
left), on the contrary, appears to be less affected by
the degree of crystallization. It varies from 97 ms
(as-melted glass: NB this value is obtained at a very
low emission intensity) to 8-6 ms (glass ceramic pro-
duced at 600°C) to 7-8 ms (glass ceramic produced
at 750°C). The lifetime of green emission in the glass
ceramic heat treated at 750°C is smaller than that of
Mn*" doped Zn,Si0,/ZnAlLO, glass ceramics.!® In
both cases, the decay curves appear to deviate from
asingle exponential equation. This indicates the con-
tribution of at least two different emission centres to
the observed emission dynamics. For a clearer view,
spectral decay curves were recorded. As shown in
Figures 3-4, the peak of the 531 nm emission band
does not change with delay time, while for the 620
nm emission band, a red-shift is observed for a delay
time of >30 ms. Seemingly, in the later stage, lumi-
nescence is dominated by emission from a centrein a
somewhat stronger crystal field (or from interacting
Mn*' species, Figure 3, right).

A more detailed view at the immediate structural
environment of Mn* can be obtained by ESR spec-
troscopy (Figure 5).07"% For all samples, spectra ex-

®A,(8)T,(G)
Aem™ 620 nm

‘DI
)

Intensity (a.u.)

-2

2h @ 750 °C

as-melted

delay (ms)

20 30

Decay time (ms)
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Wavelength (nm)

Figure 3. Luminescence decay (left) and time resolved emission spectra (right) of V'Mn®* species in as-melted SLZAKP

glass and corresponding glass ceramic

Physics and Chemistry of Glasses: European Journal of Glass Science and Technology Part B Volume 52 Number 2. April 2011 61

60



GUOJUN GAO ETAL: DUAL-MODE PHOTOLUMINESCENCE FROM Mn™-DOPED Li,Zn-ALUMINOSILICATE GLASS CERAMICS

°A,(S) ~"T,(G)
My, Zem="532nm

Intensity (a.u.)
@

2h@750°C

as-melted

A= 414 nm

(n'e) Aysua|

L " 1 "
0 10 20 30

. 40
Decay time (ms)

525 675
Wawelength (nm)

Figure 4. Luminescence decay (left) and time resolved emission spectra (right) of "Mn® species in as-melted SLZAKP

glass and corresponding glass ceramic

hibit two distinct resonances which can be assigned to
Mn?* species: a broad signal at ~1600 G (g=4-27) and a
well-resolved sextet hyperfine line structure at ~3400
G (g~2-01) (NB both resonances were absent in blank
reference samples). The two resonances can readily
be attributed to Mn* ions in undistorted octahedral
(g#2-01) and distorted tetragonal (g=~4-3) sites, respec-
tively.!” With increasing degree of crystallization, the
intensity of the sextet fingerprint (obtained from the
product of quadratic width and peak-to-peak height)
and the degree of hyperfine splitting (the ratio of HFS
intensity of each sextet signal over the overall g=2-01
singlet intensity) decrease. This indicates increasing
interaction between neighbouring Mn*-species,

— 700°C,2h
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Figure 5. Normalized ESR spectra of Mn®* doped SLZAKP
glass and corresponding glass ceramics. Inset: Evolution
of hyperfine splitting constant A with heat treatment tem-
perature. Labels: heat treatment temperatures

which could be attributed to chemical changes and
Mn*-enrichment in the residual glass phase. For heat
treatment temperatures below 700°C, no significant
variation can be observed in the YMn*-related reso-
nance (g~4-3). However, a clear sextet structure was
recorded for the glass ceramic which was produced at
750°C, indicating a significant increase in the amount
of isolated tetragonal distorted Mn?" sites for this heat
treatment temperature. The hyperfine splitting con-
stant A (calculated from H,=H—Am—A?*[(35-m?)/8H,]
where Hy=hv/gof and m=-2/5, -2/3,-1/2,1/2, 3/2,5/2,
o is the isotropic g factor®), provides a measure of
covalency and coordination number of Mn* ions.
The smaller the value of A, the more covalent is the
bond character of the anion, and the smaller is the
coordination number of Mn* ions."** The evolu-
tion of A with annealing temperature is shown in
the inset of Figure 5. For the temperature regime of
500-600°C, A remains practically constant. However,
for a further increase in annealing temperature, it
decreases gradually from 87 to 81, which means
that octahedrally coordinated Mn* ions were partly
converted into tetrahedrally coordinated Mn** ions
over this temperature regime.

Luminescence and ESR-data consistently reveal
the simultaneous presence of YMn* and V'Mn® after
crystallization. The as-melted glass, on the other
hand, contains only octahedrally coordinated Mn*.
Consequently, the as-melted glass exhibits only red
luminescence (due to spin-forbidden *T;,(G)—°A,(S)
in the 3d° level of "Mn?), whereas the emission spec-
trum of the glass ceramic is strongly broadened by
the simultaneous occurrence of green emission from
Mn?".@% The degree of crystallization, controlled
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by the temperature of the isothermal heat treatment,
appears to be the key parameter for controlling the
amount of tetrahedrally coodinated Mn*. That is,
during crystal precipitation, Mn*-species appear to
partially enter the crystalline phase on tetrahedral
lattice sites. Significant amounts of "Mn* could be
detected for heat treatment temperatures of 650°C or
higher. Mn? (0-66 A) is assumed to be incorporated on
Zn® sites (0-60 A). The observed deviation between
the progress of crystallization and Mn®+incorpora-
tion is interpreted as a result of differing mobility of
Li*and Zn* (Mn*") species during the crystallization
process. Itis assumed that erystals are precipitated as
asolid solution of (Liy 5x.ZNn,Mn,)SiO;. In the initial
phase of crystallization, x and y are relatively low
whereas in the later crystallization process, crystallite
composition shifts towards Li,ZnSiO,.

Conclusions

In summary, we have reported on the photolumi-
nescence of Mn*-doped SLZAKP glasses and glass
ceramics. Li,ZnSiO;Mn* glass ceramics were fabri-
cated by controlled crystallization of as-melted pre-
cursor glasses. XRD, ESR and PL analyses indicated
precipitation of Liy 5,.,,Zn,Mn,)SiO,, with relatively
low x and y during the earlier phase of crystallization
(heat treatment temperature <700°C) and x—1 in the
later phase (heat treatment temperature >700°C).
Mn?" species are assumed to be incorporated in
the crystal phase on tetrahedral Zn*' sites. Accord-
ingly, the amount of YMn* species, the ratio of
"Mn?/ Y'Mn?" and, hence, the ratio between green
and red photoemission bands could be controlled by
the temperature at which the as-melted glasses were
transformed into glass ceramics. FWHM of the result-
ing emission spectrum increased from 84700 to 53100
cm'. In parallel, as a result of multiple scattering,
emission intensity was found to generally increase

with increasing degree of crystallization. Tunability
of luminescence colour from red to green suggests
applications as a versatile primary or secondary
phosphor in solid state lighting devices.
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2.4. Broadband UV-to-green photoconversion in V-doped lithium zinc

silicate glasses and glass ceramics

V>" ions can be stabilized in both SLZAKP glass and corresponding Li,ZnSiO, glass
ceramic. The V" ions show a broad green PL band from 400 to 700 nm due to the
relaxation of =V-O~ to =V=0. The corresponding excitation band covers the complete
UV-B to UV-A spectral region. Crystallization leads to enhanced emission intensity of

V5+

G. Gao, R. Meszaros, S. Reibstein and L. Wondraczek, Opt. Express 2011, 19, A312—
A318. -Reproduced by permission of The Optical Society of America.
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Broadband UV-to-green photoconversion in V-
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ceramics
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Abstract: We report on photoluminescence of vanadium-doped lithium
zinc silicate glasses and corresponding nanocrystalline Li»ZnSiO, glass
ceramics as broadband UV-to-VIS photoconverters. Depending on dopant
concentration and synthesis conditions, VIS photoemission from [VO,]* is
centered at 550-590 nm and occurs over a bandwidth (FWHM) of ~250 nm.
The corresponding excitation band covers the complete UV-B to UV-A
spectral region. In as-melted glasses, the emission lifetime is about 34 us up
to a nominal dopant concentration of 0.5 mol%. In the glass ceramic, it
increases to about 45 ps. For higher dopant concentration, a sharp drop in
emission lifetime was observed, what is interpreted as a result of
concentration quenching, Self-quenching is further promoted by energy
transfer to V" centers (‘Tu—>"T}3). Partitioning of vanadium into V°* and
V' was examined by electron paramagnetic resonance and X-ray
photoelectron spectroscopy. Suppression of V**-reduction requires careful
adjustment of the optical basicity of the host glass and/or synthesis
conditions.

© 2011 Optical Society of America

OCIS codes: (160.4670) Optical materials; (140.3380) Laser materials; (160.2540) Fluorescent
and luminescent materials; (140.4480) Optical amplifiers.
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1. Introduction

Broadband conversion of ultraviolet (UV) radiation to visible (VIS) light is highly desirable
in a variety of applications. ranging from solar energy harvesting (UV-A and UV-B
conversion), luminescent lighting, UV-detection and imaging to, c.g.. agricultural lighting.
Thereby. the converter may cither be used to directly emit VIS radiation or as a scnsitizer for
a secondary conversion or energy transfer process. In principle. a large variety of optically
active materials can be emploved for this purpose. However, several limiting factors have to
be considered, such as low excitation bandwidth, high stokes shift, photostability or, for
example, undesired excitation in the blue spectral region. In this respect, knowledge on the
optoelectronic properties of vanadium ions is still relatively limited. In inorganic oxide
matrices, vanadium is usually present in three different oxidation states. V'™ (JAr] 3d%), V'~
([Ar] 3d")y and V*" ([Ar]). whereby the (rivalent ion is readily oxidized to higher valence.
Photoluminescence is attributed to the presence of V' ions and covers a broad band ranging
from 400 to 700 nm | 1-7]. Excitation (~200-400 nm) may be understood as an energy transfer
process from O™ to V>* which occurs intrinsically in the vanadyl group. Emission then results
from relaxation of =V-O to =V=0.

Gencerally, synthesis of vanadium-bearing matcrials on the melting routc offcrs unique
advantages with respect to dopant concentration, chemical homogeneity and compositional
versatility. It provides several tools to adjust the equilibrium between V°* and V*'. Moreover,
it enables facile fabrication of specific geometries such as fiber and/or fleeces. microspheres,
sheet, tape etc. In this respect, vanadium has a long tradition in melt-processed glasses, where
it may be present in quantities of several tens of ppm (e.g. as coloring agent) to up to tens of
mol% (e.g. in electron-conducting vanadate glasses). By choosing a suitable matrix
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composition and, eventually, emploving agents for heterogencous nucleation, glasses can
subsequently be converted into glass ceramics with controlled crvstallite size and volume
fraction [8]. In this way, a crystalline environment can be provided that may at least partially
host the dopant species [9-12]. At the same time, all advantages of glass processing can be
made use of. However. comparably little is known on the luminescence of V-doped glasses
and, in particular, V" -doped glass ccramics. Here. we report on luminescence and vanadium
partitioning in a V-doped zinc silicate model glass and the corresponding nanocrystalline
Li-ZnSi0, glass ceramic.

2. Experimental

In accordance with previous work. lithium zinc silicate glasses were chosen as a model
system due to their facile convertibility into Li,ZnSiO, glass ceramics [10,11,13.14]. The
availability of relatively large tetrahedral Zn™" lattice sites (ionic radius » ~0.60 A) and the
proximity of mobile Li  for eventual charge compensation appear favorable for the
incorporation of various dopant species [11]. Samples with nominal composition (mol%o)
48510,-24L1,0-16Z1n0-8 Al,0;-3K,0-1P,0:-xV,0; (SLZAKP, x=0,0.1,0.2, 0.5, 1, 2 and 4)
were prepared by conventional melting and quenching of a 100 g batch of analytical grade
reagents Si0», Li-CO3, Zn0, Al:QO;, K-CO;, NH4H-PO, and V,0;. Melting was performed in
alumina crucibles at 1530 °C for 2 hours. Glass slabs were obtained after pouring the melts
into preheated graphite moulds and annealing for 2 h at 450 °C. From these slabs, disks of 10
x 10 x 2 mm® were cut and polished (SiC/water). Conversion into glass ceramics was done
via a single-step heat treatment for 2 h at a temperature between 530 and 700 °C (in steps of
50 °C) in air (applving a heating rate of 3 K/min). Density before and after crystallization was
determined by the Archimedes method. The crystallization process was characterized by X-
ray diffractometry (XRD Sicmens Kristalloflex D500, Bragg-Brentano, 30 kV/30 mA, Cu
Ka). UV-NIR absorption spectra werc recorded with a double-becam photospectrometer. using
a 150 mm integration sphere and a PbS detector (PerkinElmer Lambda 950). Room-
temperamre photoluminescence and fluorescence decay kinetics were studied with a
spectrofluorometer equipped with double monochromators (Czerny -Turner) in excitation and
emission (Fluorolog-3, Horiba Jobin Yvon), using a 400 W Xe-lamp for static and a 75 W
Xe-Mlashlamp for dynamic analyses, respectively. as excilation sources. Electron
paramagentic resonance spectra (EPR) were taken on an X-band microwave spcctromeler
operated at a frequency of 9.7 GHz (Bruker ESR 300F). XPS spectra were acquired using a
PHI 5600 spectrometer with a 450 W Al Ko X-ray source. Wide scans were made at 300 W
source power and a emission angle to the specimen of 45° in a binding energy range of 0 -
1200 eV and pass energy of 187.85 eV. The Cls, Ols and the V2p core levels were recorded
with a step of 0.2 eV and pass energy of 23.30 eV, whereby the levels for V,0; were recorded
simultancously. Binding energies of the photoclectron lines of the sample were charge
referenced to the Cls line of adventitious hydrocarbon at 284.80 eV, Background subtraction
was madc using a Shirley function. Ols and V2p signals wcre fitted to Gaussian pcak
functions.

3. Results and discussion

Depending on nominal vanadium concentration. as-melted glasses exhibited greenish to
brown coloration (the un-doped glass was completely colorless). Corresponding absorption
spectra are shown in Fig. 1(A). The dominating absomtion bands are located at 1065, 615 and
450 nm. These are assigned to the presence of V" ions and correspond to the electronic
transitions of “T\;—7Ts, Tu—> Ty and T.,—T,. respectively [15,16]. The spectra further
indicate that no V*~ [17] is present in the as-melted glasses. The absorption bands of V' lie in
the UV spectral range and can, in a first consideration, not unambiguously be extracted from
Fig. 1. With increasing dopant concentration, the UV cut-off is shifted to longer wavelength.
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Fig. 1. UV-NIR absorption spectra (A) and EPR spectra (B) of SLZAKP for different nominal
dopant concentration, expressed as V,0s.
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Fig. 2. XPS spectra of as-melted SLZAKP with different nominal vanadium concentration
(labels). The inset depicts a zoom at the V2p;,, signal.

In silicate glasses, V* ions are typically present in the form of a VO*" complex [18]. Due
to the unpaired d-electron of the V*' ion, this complex exhibits characteristic electron
paramagnetic resonance. Corresponding EPR spectra comprise a well-resolved hyperfine
structure (located around g ~2.0) which is associated with the *'V nucleus (Z = 7/2) [19-21].
EPR spectra of as-melted SLZAKP with different nominal vanadium content are shown in
Fig. 1(B). In accordance with optical absorption data, the presence of an increasing amount of
VO* with increasing total vanadium concentration is clearly confirmed (noteworthy,
resonances were absent in blank reference samples). The resonance intensity is used as an
indicator for the relative amount of VO™ -species. It increases almost linearly with increasing
total vanadium content. Hence, it may be assumed that in the considered compositional range,
the ratio of V*'/V* remains untouched by the total vanadium concentration.

The optical basicity /A of the glass provides a way to estimate the location of the redox
equilibrium between V*" and V" [22]. It is obtained via a linear mixing approach, taking into
account the molar fraction .X; and the partial molar basicity .1; of each component /,

A= X, x4, (1)
The optical basicity of the employed SLZAKP glass is 0.63. From this value, the ratio of
V*/V°* can be estimated according to the empirical equation [23]
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From Eq. (2), a value of 0.1 was obtained for the ratio of V*'/V°*. Hence, it may be assumed
that vanadium is present dominantly in the form of V', Since visible luminescence arises
from V°" and the absorption band of =Ty of VY strongly interferes with photoemission,
this is the desired case. XPS analyses were conducted to directly assess partitioning of
vanadium into V* and V' species (Fig. 2). Since the overall vanadium concentration is
relatively small, however, XPS can only vield a coarse estimated of V*'/V°" and only samples
with nominal V,0s5 > 1 mol% were examined. For the analyses, the V2ps, resonance was
deconvoluted into V°" and V** signals at 518.3 and 517.7 eV, respectively (best-fit data). The
ratio of the arcas of both peaks was used to estimate the ratio of V*/V*", and a value of ~0.2
was obtained, what is in relatively good accordance with the previous estimate from the
optical basicity.

Optical excitation and emission spectra are given in Fig. 3(A). All doped samples show a
broad excitation band, ranging from 250 to 400 nm. The excitation band comprises two
individual peaks, i.e. at about 275 and 320 nm. These peaks are assigned to the already noted
charge transfer reaction in [VO,]* groups [24.25]. Interestingly, the position of the higher-
lying excitation band remains unchanged with increasing vanadium concentration whereas the
low-lying band appears to red-shift from 313 to 336 nm as the vanadium concentration (V,0s)
is increased from 0.1 to 4.0 mol%. Emission spectra were recorded by exciting on the lower-
lying band. Emission occurs over a broad asymmetric band ranging from 400 to 800 nm with
a maximum at 580 nm. Its position and FWHM do not vary with increasing dopant
concentration. Emission intensity reaches a maximum for a nominal V,Os concentration of
about 1 mol%. For higher dopant concentration, the emission intensity drops sharply,
indicating concentration quenching and/or increasing interference of V*-species. In the
considered spectral range, for excitation at 315 nm, blank samples of SLZAKP did not show
any photoluminescence. Figure 3(B) represents the dependence of emission lifetime (time
within which the luminescence intensity decays to 1/e times of its initial value) on nominal
vanadium concentration (expressed as V,0s). Generally, luminescence decay follows a single
exponential equation (inset of Fig. 3(B), shown exemplarily for [V,O0s] = 0.1 mol%),
indicating that only a single type of emission centers is present. For a concentration of up to
about 0.5 mol%, lifetime remains practically concentration-independent (~34 ps). At higher
dopant concentration, it decreases notably, i.e. to 22.4 ps for [V,0s] = 4.0 mol%. This
decrease is attributed to increasing interaction between neighboring V-species and, hence,
increasing probability of fast non-radiative decay. The observed lifetime is comparable to that
of crystalline V-MgAl,O, (13.7 ps) [1], much larger than that of V-doped SiO,/Zn,SiO,
composites (13 ns) [2] and significantly below the value observed in C-V05Sif (88 ms) [4].
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Fig. 3. Static photoluminescence (A) and luminescence lifetime (B) of SLZAKP for different
nominal vanadium concentration (labels). The inset of (B) shows the decay kinetics of an as-
melted specimen and a crystallized sample (both doped with 0.1 mol% V,0s).
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Upon annealing at = 550 °C, the samples partially crystallize (Fig. 4(A)). Crystallization
occurs by internal nucleation homogeneously over the bulk of the sample. In accordance with
previous observations [10,11.14], XRD data confirm precipitation of a nanocrystalline phase
and suggest assignment to the orthorhombic polymorph of Li-ZnSiO. (JCPDS card no. 00-
024-0682) [11,26]. However, it must be noted that the phase is presently not indexed. The
peak arrangement matches that of orthorhombic Lis ¢Zn; -Py Si; 2Oy, notwithstanding the clear
discrepancy in chemistry. Both phases are structurally related to low-Li:PO, (JCPDS card no.
01-084-0003). We therefore interpret the observed patterns as a reflection of the formation of
a solid solution of Li,,ZnSi0, eventually incorporating or being nmucleated by minor
amounts of PO,> [11]. In accordance with [11]. XRD spectra indicate a phase transition in the
temperature range of 600-650 °C. During crystallization, density of the samples docs not
change significantly (as-made SLZAKP-0.1 mol% V,Os: 2.721 + 0.005 g/cm’; after annealing
for 2 h at 700 °C: 2,735 £ 0.005 g/cm’). The crystal volume faction ', was estimated from the
relative area of all diffraction peaks. Calculated values are noted in Fig. 4(A). J, is limited by
the amount of ZnO. A simple consideration of glass composition and stoichiometry indicates
a theoretical maximum of I, of 45-30 vol.%, provided that stoichiometric Li-ZnSiQ, is the
single crystalline phase. Such a degree of crysiallization is achieved afier treatment for 2 h at
700 °C. Traces of Zn*"-depleted crystallite specics, appearing especially in the later stages of
crystallization, may be a result of ZnO depletion and higher mobility of Li'-ions, and may
explain the difficulties in assigning the obtained XRD patterns. The residual glass phase is an
aluminosilicate glass with reduced optical basicity. Photoluminescence spectra of exemplary
SLZAKP glass ceramics (| V,0s] = 0.1 mol%) are shown in Fig. 4B). Upon crystallization
and as a function of annealing temperature (i.e., degree of crystallization), the relative
emission intensity increases up to tenfold for the sample which was annealed for 2 h at 700 °C
as compared to the as-melted glass. In a first consideration, this increase is at least partly
attributed to multiple scattering ol incident and luminescent light in the glass ceramic. On the
other hand, the position of the cmission band bluc-shifts with incrcasing anncaling
temperature. i.e. from 580 nmm (as-melted glass) to 346 nm (glass ceramic after 2 h at 700 °C),
what indicates that the active vanadyl groups undergo a change in ligand field strength. This
observation is in accordance with the significant increase which is observed in emission
lifetime: as shown in Fig. 3(B), upon crystallization, lifetime increases from 34.1 to 45.3 ps.
what is a clear indicator for the reduction of non-radiative relaxation and, hence, an increase
in quantum efficiency. In the present case, il is also taken as strong evidence for the effective
incorporation of V°~ cmission centers into the crystalline phase for the following reason: if
vanadyl groups would not partition into thc crystalline phasc. thcy would cnrich in the
residual glass phase. That is, for I, of ~48 vol.%. V-Os concentration in the residual glass
phase would double to about 0.2 mol%. As shown in Fig. 3(B) for the as-melted glasses, at
this dopant concentration, lifetime is still about 34 ps. Taking into account the change in
chemical composition of the residual glass phase due to selective precipitation of Li-O, ZnO
and Si0;, in the crvstalline phase (resulting in lower optical basicity), one would expect an
incrcasc in the amount of VY (Eq. (2)). This would result in additional quenching of
photoluminescence due to T4—>Th (what is not the case, here).
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Fig. 4. (A): Ex situ XRD patterns of as-melted SLZAKP and samples which were annealed for
2 h at different temperatures ([V,0s] = 0.1 mol%).The labels indicate the calculated crystal
volume fraction. (B): Photoexcitation (right) and emission (left) spectra of crystallized
SLZAKP for various annealing temperatures.

4, Conclusions

Photoluminescence of vanadium-doped lithium zinc silicate glasses and corresponding
nanocrystalline Li,ZnS10, glass ceramics was studied. Depending on dopant concentration
and synthesis conditions, VIS photoemission from [VO.]’" centers peaks at 550-590 nm and
occurs over a bandwidth (FWHM) of ~250 nm. While within the considered range of dopant
concentrations, the emission band position remains unaffected by dopant concentration, a
notable blue-shift occurs after crystallization. The corresponding excitation band covers the
complete UV-B to UV-A spectral region. Here, the excitation peak at about 315 nm remains
unaffected by crystallization, but red-shifts when the dopant concentration is increased. Both
observations are attributed to the nature of photoemission in the considered system. That is,
photoemission occurs as a result of relaxing charge transfer in vanadyl groups. This process is
strongly affected by the ligand field strength, and also by interference of V** species and
oxygen vacancies, respectively. Partitioning of vanadium into V> and V*" was examined by
EPR and XPS. Due to the very high absorption cross section of T ,4—°T3, even small amounts
of V' strongly interfere with photoluminescence. In as-melted glasses, the emission lifetime
is about 34 ps. After crystallization, it increases to about 45 ps. With respect to concentration
quenching, the optimal dopant concentration was found at about 0.5 mol% V,Os.
Crystallization was observed to results in a tenfold increase of emission intensity, what is
attributed to multiple scattering and the incorporation of V' species into the crystal phase.
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2.5. Broadband NIR photoluminescence from Ni**-doped nanocrystalline

Ba-Al titanate glass ceramics

The CN of Ni*" is well controlled by the crystallization process in nanocrystalline Ba—Al
titanate glass ceramics. Ni’~ ions are tetrahedrally coordinated in precursor glasses,
whereas Ni*“-species are incorporated into the crystalline environment in octahedral
coordination, which gives rise to the broadband NIR PL of Y'Ni*". Decay kinetics as well
as position and shape of the emission band are adjusted by dopant concentration and

synthesis conditions.

G. Gao, S. Reibstein, E. Spiecker, M. Peng and L. Wondraczek, J. Mater. Chem. 2012,
22, 2582-2588. -Reproduced by permission of The Royal Society of Chemistry.
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Nanocrystalline Ba—Al titanate precipitates from supercooled TiO2-BaO-8i0,-Al,0; melts by
catalyzed volume nucleation in the presence of Ni**, forming a BaAl>TigOq6 hollandite-type lattice.
Ni**-species are incorporated into the crystalline environment in octahedral coordination. Hollandite
formation is accompanied by precipitation of tetrahedrally distorted BaTiO; as a secondary crystal
phase, where crystal species and habitus can be clearly distinguished by dark-field transmission electron
microscopy. Resulting photoluminescence due to spin-allowed relaxation of *T2,(CF) to *A»,CF) in
YINi** occurs from three distinct emission centers. It spans the spectral range of 1.0 to 1.6 um and
exhibits a lifetime of about 60 ps, which suggests applications in tunable lasers and broadband optical
amplifiers. Besides red and IR laser excitation, NIR photoemission can be excited with conventional
near UV light sources, i.e. in the spectral range of 350-420 nm. Decay kinetics as well as positien and
shape of the emission band can be adjusted by dopant concentration and synthesis conditions.

Introduction

Due to broad photoemission bands in the near infrared (NIR},
3d transition metal ions such as Ni**, Co** and Cr** are receiving
significant and continuous attention for potential applications in
tunable lasers and optical amplifiers.'”® However, the 3d elec-
tronic configuration is typically very sensitive to the ligand
sitnation within the employed host material. That is, in oxide
matrices, NIR luminescence is typically observed only when
a specific coordination is provided, e.g. tetrahedral for Cr'* and
Co®, and octahedral for Ni¥*."" For Ce*, reported NIR
emission intensity is mostly very low which, at present, appears
to rule out any concrete application.'”> Chromium ions usually
partition in mixed valence, Cr**, Cr** and Cr®*, but Cr** and Cr*
can quench NIR luminescence from ™Cr*™. There is no practical
way for avoiding the presence of Cr** and Cr® in most host
candidates. In contrast, nickel ions which, in oxide hosts, typi-
cally reside sclely as Ni** provide an interesting alternative.
Consequently, the spectroscopic properties of Ni** doped glasses,
glass ceramics and single crystals have attracted much attention
over the last decade.®'"'*'S As mentioned before, the coordi-
nation state in which Ni** is incorporated into the host lattice is
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one of the key factors for achieving specific spectroscopic pro-
perties. The most frequently observed environments of Ni** in
solid matrices are tetrahedral (fourfold coordination, ™Ni**),
trigonal bipyramidal (fivefold, YNi**) and octahedral (sixfold,
YINI?*), respectively. In most oxide glasses, Ni** favors fivefold
coordinated sites. For such YNi** species, no or very weak NIR
luminescence can be observed due to predominance of non-
radiative relaxation. Significant radiative relaxation at room
temperature and, hence, high NIR quantum efficiency are known
only for ¥™Ni**, e.g. in single-crystalline LiGasQg : Ni**.* Major
limitations of single-crystalline materials lie, however, in the
complexity of their fabrication processes which may lead to low
degrees of freedom in composition (dopant and co-dopant
concentrations) as well as specimen shape (fiber, large-scale). In
principle, this drawback can be overcome by fabricating a glass
ceramic material, where a crystalline species is precipitated from
a supercooled melt by controlled nucleation and crystalliza-
tion."* " In this way, conventional glass processing techniques
(e.g.. melt casting, fiber drawing, extrusion, eic. ) can be employed
to obtain at least some of the properties of a crystalline host
material. As a prerequisite, however, Ni** species must actually
precipitate into the crystalline phase rather than remain in the
residual glass phase.® Secondly, crystal growth must be limited to
not more than several tens of nanometres in order to ensure
optical transparency while, at the same time, a high crystallite
volume fraction (erystallite number density) must be achieved.
With these objectives, e.g., NIR-luminescent nanocrystalline
LiGasOg : Ni** glass ceramics were prepared from Li;O-Ga;Oz—
Si0; glasses by Suzuki er al.," and B-Ga>O; : Ni** glass ceramics
from Na>O-AlLO3;-Ga>01-Si0; glasses by Zhou er «l'**° In
both materials, Ni** coordinates on octahedral sites, but besides
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the proof of principle, actual applicability is questionable
because of the presence of Ga,O5 as a rather rare raw material,
relatively low quantum yield as well as unfavorable processing
properties.

There are three spin-allowed transitions in Y'Ni**, °T;,(°’F) —
*T1,CP), *T1,CF) — *Ax(F) and *T,CF) — *T2,(F). They
locate in the spectral range of about 900-1100 nm, 600-800 nm
and 300-500 nm, respectively. Accordingly, NIR photoemission
should be expected for excitation to any of the upper levels,
*T14(P), *Aze(F), and To(F). At present, however, NIR emission
from Ni** doped glass ceramics has been reported primarily for
excitation with 800 and 980 nm laser diodes (LDs). On the other
hand, making available the broad absorption band in the 300-
500 nm spectral range for near-ultraviolet (NUV) excitation
would be highly desirable.?!

In the present study, we consider hollandite-type crystallites of
the general composition A,(B,C)sO16 as a matrix material for
NIR luminescent Ni** species. The crystal lattice of hollandite is
depicted in Fig. 1b. It comprises a channel structure, formed by
double strings of [(B,C)O]s octahedra. The channels are occupied
by large A cations. Our specific interest in this crystal phase
results from the possibility to incorporate a very large variety of
dopant species, if desired also in large concentration (a property
which is being made use of for, e.g., the immobilization of
radioactive wastes in “Synroc”, a “synthetic rock” comprising
a significant amount of hollandite-type crystals).* Besides crystal
structure, the stoichiometric variety is enabled by the very broad
extension of the phase field where almost complete solubility
exists between various end members, e.g A = {Ba*, Ca*}; B =
{Ti**, AP*, Ni**, Mn*, Fe**, Cu*, Co*}; and C = {Ti*, Si**,
Sn**}. Hence, we can expect great potential to also incorporate
optically active species on octahedral lattice sites. This requires,
however, fabrication of an optically transparent composite
material comprising nanocrystalline hollandite.

Here, we demonstrate that this can be achieved in supercooled
TiO,-BaO-Si0,-A1,05;-NiO melts, from which nanocrystalline
Ba 54(Als 43Tis 50)O16 : Ni** can be precipitated. We then discuss
in detail how controlling the coordination state of Ni** can be
used to tune the spectroscopic properties of the material, espe-
cially broadband NIR photoemission.

Fxperimental

Precursor glasses were prepared by conventional melting of 50 g
batches of nominal composition (mol%) 30TiO,-30BaO-

' a

@®Bae o )Ti/Al ¢

Fig. 1 Crystal structure of tetrahedral BaTiO; (a) and Ba—Al hollandite
(©).

30S8i0,-10A1,05—xNi (TBSA, x = 0, 0.05, 0.1, 0.2, 0.4 and 0.8,
sample nomenclature is TBSAxNI, e.g. TBSA005Ni for a dopant
concentration of 0.05 mol%). As raw materials, analytical grade
reagents SiO,, TiO,, BaCO;, A,O; and NiO were employed.
Melting was performed at 1550 °C for 2 hours in alumina
crucibles. Glass slabs were obtained after pouring the melt into
a preheated (400 °C) graphite mould and subsequent annealing
for 2 h at 500 °C. From these slabs, disks of 15 x 15 x 2 mm?®
were cut and polished on both sides.

The crystallization process of each specimen was first analyzed
by non-isothermal differential scanning calorimetry (DSC,
Netzsch, Ar atmosphere) at heating rates of 5, 10 and 20 K min—".
Subsequently, individual samples were placed on alumina
substrates and isothermally annealed for 2 hours at 750, 800, 850
and 900 °C, and at 850 °Cfor 0, 1, 2, 8 and 32 hours in air. During
the annealing procedure, glasses transformed into transparent
glass ceramics via precipitation of homogeneously distributed
nanocrystalline phases. Except for the sample which was annealed
at 900 °C for 2 hours, visual inspection did not reveal any indi-
cation of surface crystallization. In order to avoid experimental
artifacts which might have resulted from surface effects, annealed
samples were polished a second time before further analyses. The
density before and after crystallization was determined with an
Archimedes balance. To identify and describe crystalline phases,
X-ray diffractometry (XRD, Siemens Kristalloflex D500, Bragg-
Brentano, 30 kV/30 mA, Cu Ka) and transmission electron
microscopy (TEM, Philips CM30 at 300 kV) were used. For TEM,
specimens were produced by slicing thin disks from each sample.
These were then mechanically polished, dimpled and Ar* ion-
thinned to obtain electron transparent samples. During ion
thinning, the samples were cooled to liquid nitrogen temperature
in order to suppress irradiation damage of the material. To also
characterize the occurrence of surface crystallization, powdered
TBSAOINi glass was studied during heating by in siru high
temperature XRD (see above).

UV-VIS-NIR absorption spectra were recorded from 300 to
2200 nm with a double-beam photospectrometer equipped with
a 150 mm integration sphere and a PbS detector (Perkin-Elmer
Lambda 950). IR transmittance spectra were recorded on a
Perkin-Elmer 1600 FTIR spectrometer in the wavenumber range
of 400-4000 cm~" with a resolution of 2 em™". Static and dynamic
photoluminescence was studied with a high-resolution spectro-
Huorometer and time correlated single photon counting (1CSPC,
Horiba Jobin Yvon Fluorolog FL3-22), using a static Xe lamp
(450 W) and a ps-LED-source at 370 nm (nano-LED), respec-
tively, as excitation sources, and mechanical double mono-
chromators in emission and excitation channels. NIR emission
was observed with a high-sensitivity thermoelectrically cooled
InP/InGaAs-photomultiplier tube (NIR-PMT, Hamamatsu
H10330A-75). Excitation curves were corrected over the lamp
intensity with a silicon photodiode. Emission curves were cor-
rected by the spectral response of the NIR-PMT detector. All
analyses were performed at room temperature.

Results and discussion
Crystal precipitation

Fig. 2 exemplarily shows DSC curves of un-doped TBSA,
TBSAOINi and TBSAO8Ni for heating rates of 5, 10 and
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20 K min~! after baseline correction. The onset of glass transi-
tion, 7, was found at 747 & 0.5 °C and is, within the considered
regime, independent of the dopant concentration. In contrast,
the crystallization peak temperature 7% is strongly influenced by
the content of NiO. While between TBSA and TBSAOING, it
varies only slightly, it decreases from 864 + 0.5 °C for TBSA to
828 + 0.5 °C for TBSAO08NI. In a first consideration, the presence
of NiO facilitates crystallization.

Fig. 3 represents X-ray diffraction patterns of samples of
TBSAOINI after ex siru annealing at temperatures between
750 °C and 900 °C for 2 h. Consistent with DSC data, first
diffraction peaks can be detected after annealing at 750-800 °C,
whereby, however, phase assignment is complicated by small
crystallite size and large overlap with the amorphous hump. For
higher annealing temperature, sharper peaks indicate crystal
growth (although at a low level). Phase assignment was per-
formed by indexing the spectrum which was obtained after
annealing at 900 °C/2 h. It indicated the presence of at least two
phases: tetragonal barium titanate, Ba(TiO3) (JCPDS card no.
81-2202),% and Ba—Al hollandite, Ba 24(Al; 45Tis.52)016 (JCPDS
card no. 78-0013).2* For a rough estimate of crystallite size, the
Debye—Scherrer formula may be consulted. In the present case,
however, formal calculation is subject to a large error because of
the low crystallite size and volume fraction and, hence, rather
broad diffraction peaks. For the Ba(TiO;) phase, we find that
only the peak at 26 = 66° may be used. For the sample annealed
at 900 °C, it indicates an average Ba(TiO;) crystallite size of
about 30 = 10 nm. The density of the samples increases with
annealing temperature (i.e., as-made TBSAOINi: 3.690; 750 °C/2
h: 3.792; 800 °C/2 h: 3.846; 850 °C/2 h: 3.868 and 900 °C/2 h:
3.900 & 0.005 g em™), reflecting the increase in crystal volume
fraction.

Both titanate phases precipitate by volume crystallization.
Additional surface crystallization was observed for temperatures
above 875 °C by analyzing powder and unpolished samples,
respectively. In these cases, the major crystalline phase is
hexacelsian, BaAl,Si,Og (JCPDS card no. 770185).%

To clarify the nature and distribution of crystallite phases as
a function of annealing conditions, TEM analyses were per-
formed. For that, two samples of TBSAOINi (850 °C/8 h and
900 °C/2 h) were considered. Bright field (BF) images, electron
diffraction patterns and selected dark field (DF) images are
shown in Fig. 4 and 5. In Bl images, dark areas (large Bragg
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Fig. 2 DSC scans of undoped TBSA, TBSAOINi and TBSAO08Ni for
various heating rates (labels), taken on bulk samples.
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Fig. 3 Ex situ XRD patterns of individual TBSAOINi samples taken
after annealing for 2 h at the indicated annealing temperature.

contrast) indicate size and shape of the crystalline phases. For the
850 °C/8 h sample, observed crystals are practically isometric and
exhibit a mean size of about 30 nm, consistent with XRD data
(Fig. 4). In contrast, the 900 °C/2 h sample appears to contain at
least two different types of crystals. They can be revealed sepa-
rately by hollow-cone dark field (DF01, DF02) imaging, where
the objective aperture is placed on the optical axis and the inci-
dent electron beam rotates around the optical axis at a specific tilt
angle corresponding to a diffraction ring obtained by conven-
tional electron diffraction. By integrating over the whole
diffraction ring, a hollow-cone DF image reveals more crystal-
lites than a conventional DF image formed with fixed incident
beam direction. However, one has to keep in mind that still not
all the crystallites of the selected phase are met. In Fig. 5, the
selected rotational angles are indicated by a blue and green ring,
respectively. According to the previous XRD analyses, these
rings reflect the Ba—Al hollandite (DF02) and the barium titanate
(DFO1) phase, respectively. Then, for TBSA/900 °C/2 h, barium
titanate crystals appear isometric with a mean size of about

Fig. 4 Bright field TEM micrographs and corresponding electron
diffraction pattern of TBSAOINI after annealing for 8 h at 850 °C.
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TEM bright field (BF) image (a). corresponding electron diffraction pattern (inset of (a). DP) and selected hollow-cone dark field images (DF01

and DF02) (b) of TBSAOINI after annealing for 2 h at 900 °C. The hollow cone dark field images DF01 and DF02 were formed with electrons scattered
into diffraction angles marked green and blue in (a), respectively. For comparison, laboratory XRD and TEM diffraction patterns are shown (inset of a).
DF01 and DF02 were overlaid to visualize the distribution of BaTiO; (green) and Ba-Al hollandite (blue) crystallites in the considered sample (c).

40 nm, somewhat larger than the estimate which was obtained
from the Debye-Scherrer equation. Barium hollandite crystals
are elongated in one direction with prismatic cross-sections and
an aspect ratio of ~5. In the hollow cone dark field image DF02,
some of the elongated crystals appear dark rather than bright.
This can be explained by the fact that for these crystals, the Bragg
condition is not met (see above) so that they basically represent
missing volume of the glass phase which contributes as back-
ground to the dark-field image.

In accordance with DSC data, also XRD and TEM results
indicate a significant effect of NiO on crystal growth. Interme-
diate concentration of NiO resulted in the preferred precipitation
of Ba(TiO3) whereas higher NiO content tends to stabilize the
Bay 24(Al> 45Tis 52)016 phase. Exact evaluation of crystallite
stoichiometry, however, is not possible because of the low crys-
tallite size, high volume fraction of residual glass phase and
unavailability of appropriate reference data.

UV-VIS optical absorption and Ni** coordination

As-melted TBSAOINi glass exhibits a characteristic reddish-
brown color. During crystallization, its coloration changes to
green, but samples remain visually transparent (inset of Fig. 6).
Fig. 6a and b represent the optical absorption spectra of un-
doped TBSA and TBSAOINI glass and corresponding glass
ceramics. Un-doped TBSA glass exhibits a UV cutoff 4, at about
350 nm, probably due to charge transfer reactions associated
with the high molar content of Ti**. No further absorption peaks
are visible in the spectrum of TBSA. Crystallization of un-doped
TBSA results in a red-shift of the absorption edge and the
appearance of a shoulder in the green spectral region, both
presumably related to charge transfer reactions and optical
scattering. Introduction of Ni** yields three additional absorp-
tion bands, spanning the spectral ranges of ~1200 to 2000 nm
(peaking at ~1740 nm), ~700 to 1100 nm (896 nm) and ~400 to
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Fig. 6 (a) Optical absorption spectra of un-doped TBSA and
TBSAO1INi glasses and glass ceramices (850 °C/2 h). Inset I: photograph of
corresponding TBSAOINI glass (left) and glass ceramic (right). Inset II:
FTIR optical transmission spectrum of TBSAOINI. (b) Residual optical
absorption spectra of TBSA glass ceramics (850 “C/2 h) as a function of
absolute NiO concentration (labels) after subtracting the absorption
spectrum of the un-doped TBSA glass ceramic. (c) d*-Tanabe-Sugano
and energy level diagram of Y'Ni** in TSBA glass ceramics (solid lines:
spin-allowed transitions; dashed lines: spin-forbidden transitions).
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600 nm (443 nm), respectively. These bands can readily be
assigned to the transitions of °E;,'(°F) — °E;,”(°F), °E1,/CF) —
3A5/CF) and °Ei,/CF) — *A,/(’P), respectively, in YNi**.**
After thermal annealing, position and shape of the bands change
significantly: they are essentially replaced by two new bands
ranging from ~500 to 800 nm (684 nm) and ~900 to 1400 nm
(1122 nm), where the absorption band at 684 nm is the primary
reason for the observed green coloration of the glass ceramic.
The two new bands are ascribed to spin-allowed d—d transitions
from the *A,(*F) ground state to °T;,('F) and *T,,(°F), respec-
tively, in Y'Ni**.'* The weak shoulder which is located at around
790 nm originates from spin-forbidden *A,,(°F) — 'E('D), also
ln VINi2+.15

On the basis of optical absorption data, the ligand field and
Racah parameters D, and B were calculated by fitting to the
Tanabe-Sugano diagram of the d* complex (exemplarily shown
for TBSAOINI 850 °C/2 h in Fig. 6¢). Obtained values are Dy =
891 cm™ and B = 857 cm™!. The splitting field strength acting on
VINi** in TBSAOINi glass ceramics is hence somewhat larger
than in (Ga,03);(GeO,), glass ceramics (870 cm™"),’ but smaller
than in LiGasOg glass ceramics (974 cm™!).*

Above observations clearly show that with crystallization, the
Ni** ion at least partly undergoes a coordination change from
fivefold to octahedral, which is a strong indicator for its incor-
poration into the crystalline phase. Both available titanate pha-
ses, Ba(TiO3) and Ba—Al hollandite, provide octahedral sites for
the incorporation of Ni**: as observed by XRD, Ba(TiO5) forms
a tetragonally distorted perovskite lattice,** where three different
atom sites can be distinguished: Ba** at the corners, Ti** in the
center and O*~ on the faces (Fig. 1a). Hence, Ba** and Ti** are
twelvefold and sixfold coordinated, respectively. The ionic radii
mismatch between VINi** (69 pm) and Y'Ti**(60.5 pm) is about
12%.2¢ This would generally allow for ™Ti** substitution by
VINi**.27 Charge compensation can be achieved by, e.g., the
formation of one oxygen vacancy.?® As noted before, hollandite-
type Ba; »4(Als 45Tis5 50)O016 (Fig. 1b) offers edge-sharing [(Ti,Al)
Og] octahedra® where Ni can substitute either Ti or Al species.
This lets us expect the presence of up to three optically active
VINi?* species.

Static NIR photoluminescence

Static photoemission and excitation data of TBSA glasses and
corresponding glass ceramics are summarized in Fig. 7. The
dependence of NIR luminescence on annealing temperature is
illustrated in Fig. 7a; while expectedly, in as-melted TBSAOINi
no NIR luminescence can be detected for any excitation wave-
length, crystallization results in the evolution of distinct excita-
tion and emission spectra. Excitation spectra comprise two
individual bands which are located at about 365 nm and 650 nm,
and a shoulder at about 420 nm. These excitation bands are
assigned to spin-allowed *T,(°P) — *A,(F), *T('D) — *A,(°F)
and spin-forbidden *T;(’F) — 3A,(°F), respectively, in YINi**.
The most intense excitation band CT;(P) — 3A,(°F)) was
initially used for recording the NIR emission spectra. Then,
a very broad emission band (~1050 to 1600 nm) is detected
with a maximum at ~1370 nm (emission was recorded up to
a maximum wavelength of 1600 nm; above this wavelength, the
sensitivity of the employed NIR-PMT detector sharply

®
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Fig. 7 Excitation and emission spectra of TBSA glass and correspon-
ding glass ceramics (a) with 0.1 mol% NiO as a function of annealing
temperature (2 h, labels) and (b) after annealing at 850 °C for 2 h as
a function of NiO content.

decreases). The broad emission band corresponds to the spin-
allowed relaxation of *T,,(*F) — *A,,(F) in Y'Ni** and can be
used as a general confirmation of Ni** partitioning on octahedral
lattice sites. The experimental data are best reproduced by fitting
to three overlapping Gaussian functions. In the case of
TBSAOQINi 850 °C/2 h (Fig. 7c), this yields three peaks at 1264,
1419 and 1570 nm. Beyond sample quality, absolute emission
intensity is influenced by various factors, ie. emission site
concentration, internal and external quantum efficiency and
multiple scattering.'”?® By examining samples with constant
dopant concentration (TBSAOINi), it first increases with
annealing temperature up to 850 °C and apparently decreases
with higher annealing temperatures (Fig. 7a). This increase is
interpreted as a joint result of increasing Y'Ni** species with
increasing crystallinity and multiple scattering of the excitation
light, where, as already discussed, density, XRD and TEM data
show that the crystallite size and crystallinity increase with
increasing annealing temperature. Both effects result in higher
emission intensity.

While the shape of the excitation spectrum remains practically
unaffected by annealing temperature, the emission band clearly
blue-shifts with increasing annealing temperature, i.e. from
about 1430 nm to 1330 nm. As already noted, the energy gap of
d—d transitions is highly sensitive to crystal field splitting and,
hence, the local ligand situation. The blue-shift of the corre-
sponding NIR emission band is therefore caused by changes in
the local environment at the responsible Y™Ni** luminescence
centers, but also by surface effects and the size of the crystal-
lites.3® That is, the mean Ni-O distance is lower in Ba-Al hol-
landite, resulting in stronger crystal field splitting and, hence,
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higher emission energy (see also Fig. 6¢). The blue shift then
reflects a transition from the predominance of Y'Ni** centers in
BaTiOs to Y'™Ni** in Ba—Al hollandite.?*?* The bandwidth of NIR
emission (full width at half maximum, FWHM) reaches its
maximum of about 353 nm when annealing at 750-850 °C. This
is several times broader than the bandwidth of conventional
Er**-doped glasses used as optical amplifiers for wavelength
division multiplexing,*' and is comparable to previous findings in
(Gax01)3(GeO;); : Ni** glass ceramics.®

The dependence of static spectroscopic properties on dopant
concentration is shown in Fig. 7b for samples which were
annealed at 850 °C for 2 hours. Emission as well as excitation
intensity increase with dopant concentration to reach their
maximum at a NiO content of about 0.1 mol%. Beyond this
value, they drop significantly. In addition, with increasing NiO
concentration, the NIR emission peak red-shifts significantly
from 1365 nm to 1470 nm, while the dominant excitation peak
blue-shifts from 366 nm to 347 nm. Both observations are related
to an increasing extent of self-quenching with increasing total
NiO content. Aside the previous comments, the observed inten-
sity behaviour indicates concentration quenching for absolute
NiO concentrations larger than 0.1 mol%. At this point, it must
be noted that Ni** species do not completely precipitate in the
crystal phase. A certain fraction must be assumed to remain as
YNi** in the residual glass phase, although it cannot be detected
by UV-VIS spectroscopy (Fig. 6). Considering the approximate
crystal volume fraction (Fig. 5), structural properties of hollan-
dite and especially the broad solid solubility, we may assume,
however, that within the regime of comparably low NiO
concentration we are considering here, partitioning occurs line-
arly with NiO concentration, and that the ratio between Y™Ni**
and YNi** remains, on a high level, independent of the absolute
amount of NiO.

It should be noted that NIR transmittance and, hence,
photoemission may be affected significantly by the presence of
water. Essentially dry raw materials were employed for glass
preparation, but no further precautions were taken to avoid the
incorporation of water during the melting process. This lets us
expect a molar water content of several hundred ppm. In this
concentration regime, water is present primarily in the form of
hydroxyl ions (OH ). Conformingly, the FTIR spectrum reveals
the typical absorption band at about 2.7-2.8 um which can be
related to stretching vibrations of OH™ (inset II of Fig. 6a).
Harmonics and overtones of this band occur, at around 1.4 pm,
1.25 pm and 095 pm. These could interfere directly with
photoemission from Y'Ni**, especially in glass fiber. They,
however, cannot be detected for the relatively low absorption
path length as considered in the present case. We assume that
a further increase in emission efficiency may be obtained when
the water content of the material is specifically reduced.

Dynamic NIR photoluminescence

Fig. 8 represents luminescence decay curves of "VNi** in TBSA
glass ceramics for excitation of *T;(°P) — 3A,(°F). Within the
examined regime of dopant concentration, best fit of the
experimental data is obtained by a third-order exponential decay
equation (inset). This reflects an overlay of two fast (tp,4) and
one slow (Tgew) decay processes, and suggests the presence of
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Fig. 8 Luminescence decay curves of Ni**-doped TBSA glass ceramics
{annealed at 850 °C/2 h; monitoring photoemission at 1370 nm after
excitation at 370 nm) for various Ni*"-concentrations (labels). The inset
exemplarily represents the fit of a third-order exponential function to the
decay curve of TBSAOINi/850 “C/2 h.
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three different Y'Ni** species, consistent with previous argu-
ments. Lifetime values were obtained from the best fit. The
effective lifetime ¢ is the time after which the emission intensity
decreases to 1/e of its initial value. Data on t.; are summarized in
Fig. 9a. In summary, 7. reaches its maximum value for annealing
at 800 °C and remains unchanged for higher annealing temper-
ature. It further reaches a maximum for a NiO content of
0.05 mol% and decreases strongly with increasing dopant
concentration. There is no clear trend in the dependence on
annealing time, although it appears that the optimal annealing
time is in the range of 1-2 h. Deconvoluting the data into the
three individual decay processes reveals exactly the same trend
(Fig. 9b). Generally, the excited state lifetime reflects the prob-
ability of (fast) non-radiative decay. Longer lifetime hence indi-
cates higher quantum efficiency, whereas shorter lifetime
indicates quenching. In accordance with static emission data as
well as structural considerations, we can therefore conclude that
there are three Y'Ni** emission centers in the material, that these
emission centers are subject to approximately the same quanti-
tative quenching effects, and that the optimal quantum efficiency
is obtained for an absolute NiO concentration of 0.05-0.1 mol%
in TBSA after annealing for 1-2 h at 800-850 °C. Higher NiO
concentration, higher annealing temperature and longer
annealing time lead to increasing interaction between "Ni**, the
surrounding lattice and neighboring Ni** species,'® respectively.
The slow decay process (Tgow = 230 ps) is similar to that of the
NIR Iuminescence decay in (Ga>03)5(GeOs), : Ni**  glass
ceramics (t = 254 ps),’ interestingly even when exciting with
a UV light source at 365 nm. This means that NIR luminescence
can be initiated with near-ultraviolet LED chips with emissions
at 350-420 nm.*'

Conclusions

In summary, we have demonstrated precipitation of nano-
crystalline Ba—Al titanates from supercooled TiO,-BaO-Si0,-
Al03-NiO melts. Volume crystallization occurs sequentially in
BaTiO; and Ba-Al hollandite-type crystallites, where NiO
facilitates crystal nucleation and growth. The typical crystallite
size is ~30 nm. During crystallization, Ni** species undergo
a coordination change from fivefold to sixfold. This is caused by
incorporation of Ni** into the crystalline environment on three
distinct octahedral lattice sites. Resulting photoluminescence due
to spin-allowed relaxation of *T2(’F) to *A;,(’F) in “'Ni**
accordingly occurs from three distinct emission centers. It spans
the spectral range of 1.0 to 1.6 um and exhibits an effective
lifetime of about 60 ps and FWHM of ~350 nm, suggesting
applications in tunable lasers and broadband optical amplifiers.
Interestingly, NIR emission can be excited with conventional
NUYV light sources, ie. in the spectral regime of 350-420 nm.
Decay kinetics, and position and shape of the emission band can
be adjusted by dopant concentration and synthesis conditions.
Optimal luminescence efficiency is found for an absolute NiO
concentration of 0.05-0.1 mol% and crystallization at 800

850 °C for 1-2 h. The onset of crystallization was observed at
~T750 °C.
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2.6. Temperature dependence and quantum efficiency of ultrabroad NIR
photoluminescence from Ni’* centers in nanocrystalline Ba—Al titanate

glass ceramics

From the former paper, the optimal sample for the broadband NIR PL of Y'Ni*" is TBSA
glass doped with 0.1 mol% Ni*" and crystallized at 850 °C for 32 hrs. The low temperature
static and dynamic emission properties are performed on the optimal sample. From these
data, ngg, stimulated emission cross-section, G.m, and practical figure of merit, oom™® 7, are

calculated.

G. Gao, M. Peng and L. Wondraczek, Opt. Lett. 2012, 37, 1166—1168. -Reproduced by

permission of The Optical Society of America.
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Ultrabroad near-infrared (NIR) photoluminescence from Ni**-centers in nanocrystalline Ba-Al titanate glass cera-
mics was studied by temperature-dependent static and dynamic photoluminescence spectroscopy in the regime of
10 to 300 K. Photoluminescence covers the spectral range of about 1100 nm to >1600 nm with a typical bandwidth
(FWHM) greater than 300 nm. For UV-LED excitation at 352 nm, an internal quantum efficiency of 65% is obtained.
The excited state lifetime  at room temperature is 39 ps. The stimulated emission cross section oey, is 8.5 x 10°2° em?,
resulting in a practical figure of merit, 6., 7, of 3.3x% 107 cm®s at room temperature. These properties

suggest suitability as a broadband gain medium for tunable lasers and optical amplifiers.

of America
OCIS codes:

3d transition metal ions such as Ni*, Co®t, and Crt
doped into inorganic matrices have been a subject of in-
terest for many years due to their broadband near-
infrared (NIR) photoluminescence (PL). In such materi-
als, NIR PL arises from d-d transitions and is hence
strongly dependent on ligand field and coordination
[1-5]. While various efforts have been undertaken to
make use of this property in next-generation broadband
optical amplifiers for telecommunication and other appli-
cations, especially with Co?>* and Cr't, any breakthrough
has so far been prevented by difficulties in stabilizing the
specific valence and coordination state in a suitable ma-
trix material [1,2]. From a practical point of view, Ni**
species seem the most promising choice to approach this
problem. In an inorganic matrix, they may be present in
three different coordination states, tetrahedral (fourfold,
VINi2H), trigonal (fivefold, YNi%" ) and octahedral (sixfold,
VINiZ+). Only VIN##* has been known to provide efficient
NIR emission [3-5]. Consequently, VINi**-containing
glass ceramics and single crystalline materials have
drawn continuous attention over the last decade [3-5].
Of these two materials classes, glass ceramics, produced
by controlled nucleation and crystallization of a suitable
precursor glass, combine the advantages of glasses and
crystalline materials: depending on viscosity and crystal-
lization temperature of the precursor glass, they can be
processed into optical fiber, and depending on the type of
precipitated crystal species, high quantum efficiency
(QE) can be obtained [6-8]. As a prerequisite, however,
crystal precipitation must occur in sufficiently high num-
ber density to ensure very low crystallite size and, hence,
high optical transparency. In this setting, the number of
available matrix candidates has been limited to only a
few systems, which typically rely on rare raw materials
or exhibit major process limitations (such as high liqui-
dus temperature and high dynamic fragility).

Recently, we reported on glasses of the type
30Ti0,-30Ba0-308105-10A1,05 (TBSA, mol%) as a new

matrix candidate [9]. In this system, nanocrystalline hol-
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landite-type (BaAl;TizO46, secondary BaTiO5) Ba-Al tita-
nates can be precipitated at high number density and
crystal sizes of ~30 nm £+ 10 nm. Upon crystallization,
added Ni?* species undergo a coordination change from
fivefold to sixfold due to incorporation into the crystal-
line environment. This was demonstrated to result in an
intense NIR PL emission band spanning the spectral
range of 1.0 to 1.6 ym with a full width at half maximum
(FWHM) of ~350 nm. Interestingly, it was shown that
NIR PL can be induced with conventional near-UV
(NUV) LEDs or other light sources and does not require
laser excitation. In the present letter, we report on quan-
titative efficiency of photoemission from this material as
a prerequisite for application as a gain medium in optical
amplifiers. QE is obtained on the basis of low tempera-
ture static and dynamic PL spectroscopy, and stimulated
emission cross section (o,,) and figure of merit (o.,,7)
are calculated.

A slab of ~50 g of TBSA precursor glass with a dopant
concentration of 0.1 mol% (expressed as NiQ) was pre-
pared by conventional melting and quenching [9]. Melting
was performed at 1550 °C for 2 hrs in alumina crucibles
under ambient atmosphere. The melt was then poured
into a preheated graphite mould and annealed for 2 h
at 500 °C. Specimen of 15 x 15 x 2 mm® were cut from
the obtained glass and polished to optical quality for
spectroscopic analyses. Optimal conditions for transfer-
ring the precursor glass into a transparent nanocrystal-
line glass ceramic were found for annealing at 850 °C
for 2 h (ambient atmosphere) [9].

Temperature-dependent analyses (10 to 300 K) were
performed in a closed-cycle liquid helium cryostat. Static
excitation and emission spectra were recorded through
optical windows with a high-resolution spectrofluorom-
eter (Edinburgh Instruments FLSP 920) equipped with
a 450 W steady-state xenon lamp and a pulsed 60 W
Xe flashlamp as excitation sources. Decay curves were
obtained by time-correlated single photon counting
(TCSPC). A nitrogen-cooled NIR photomultiplier tube

© 2012 Optical Society of America



(Hamamatsu R5509-72) was used for NIR PL detection
with a response width of 800 ps. Excitation curves were
corrected over the lamp intensity with a silicon photo-
diode. Emission curves were corrected over the spectral
response of the NIR-PMT detector. The refractive index
of the sample at 632 nm was measured on an ellipsometer
(EL X-02C).

In Fig. 1(a), NIR PL and photoluminescence excitation
(PLE) spectra of the Ni**-doped TBSA glass ceramic are
illustrated as a function of temperature. Excitation spec-
tra were obtained by monitoring PL at 1430 nm. The ob-
tained PLE spectra consist of two bands and a shoulder
with maxima at 352, 665, and 465 nm, respectively, which
are readily assigned to spin-allowed T, (°P) — 3A,(°F),
3Ty ('D) - %A, (°F), and spinforbidden *T,(°F) —
3A;(°F) transitions of Ni?* ions on octahedral sites
(VINi2+). Position and shape of the excitation peaks re-
main unchanged with increasing temperature. The most
intense excitation band [*T;(°P) — A, (°F)] spans the
spectral range of 300 to 450 nm. It matches well emission
from NUV LED chips (e.g., 350—420 nm). These can there-
fore be used as excitation sources. NIR PL spectra were
recorded for monochromatic excitation at 352 nm. The
resulting spectrum is dominated by a broad emission
band (1100 to >1600 nm) which peaks at ~1430 nm.
The width of this band (FWHM) exceeds 300 nm
(~1545 em™). NIR PL is ascribed to the spin-allowed re-
laxation of 3Ty, °F) — %Ay, CF) in VINi2" and covers the
complete telecommunication window (O—L bands,
1260-1625 nm). The intensity of the emission band de-
creases gradually with increasing temperature [Fig. 1(b)].
However, unlike the sharp intensity decrease that was
previously observed in Ni**-doped silicate glass [10],
the intensity at 300 K is still about 40% as strong as that
at 10 K, indicating significantly less thermal quenching at
room temperature. The shape of NIR PL spectra remains
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Fig. 1. (Color online) (a) Temperature-dependent NIR PL and
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81

April 1, 2012 / Vol. 37, No. 7/ OPTICS LETTERS 1167
practically unaffected by temperature, but a notable blue-
shift occurs with increasing temperature, namely from
about 1500 nm at 10 K to 1430 nm at 300 K [Fig. 1(b)].
Similar behavior was found in a Ni?*:LiGa;Og glass cera-
mic by Suzuki ef al. [4]. Secondary features such as a
zero-phonon line and phononic side bands could not
be detected in the observed band structure, even at tem-
peratures down to 10 K. This indicates the strong vibro-
nic interaction in this system.

Normalized NIR PL decay data are shown in Fig. 2(a)
as a function of temperature, recording emission inten-
sity at 1430 nm after excitation at 352 nm. None of the
decay curves appear to follow a single exponential equa-
tion, what confirms the interaction of at least two distinct
VINi?* emission centers [9]. The effective excited state
lifetime 7, . (the time after which the emission intensity
did decay to 1/e of its initial value) at 10 K was found at
about 60 ps. Its value decreases with increasing tempera-
ture. With 39 us at room temperature, however, it is still
about 656% as compared to the value at 10 K. The decrease
of PL lifetime at high temperature is primarily caused
by temperature-dependent nonradiative relaxation of
Ty, (°F) to ?A,, (°F). The obtained lifetime at 300 K under
NUV excitation is much longer than that of crystalline
Crtt:Mg,Si0, (3.87 us) excited with a NdA:YAG
1.064 pm laser [2] but shorter than what has been ob-
served in Ni?*:LiGasOg glass ceramic (583 us) excited
with a 970 nm laser diode [4].

Figure 2(b) depicts NIR PL lifetime and internal QE ()
of Ni*"-doped TBSA glass ceramic as a function of tem-
perature. Experimental data were fit to a parabolic func-
tion and extrapolated to 0 K. From this extrapolation, a
lifetime of about 60 us was estimated for a temperature of
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Fig. 2. (Color online) (a) Temperature-dependent NIR PL de-
cay curves of Ni**-doped TBSA glass ceramic. (b) Variation of
effective lifetimes of the excited state (r,/,) and calculated
intermal QE () as a function of temperature, showing ex-
perimental (dotted line) and fitted (solid line, parabolic fit of
experimental data) data.
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5 K. Internal 5 of the NIR PL process at temperature T' =
a was then obtained from 5;_, = (7,./75 ) x 100, where
7, is the experimental lifetime as obtained at temperature
2 and 75 is the extrapolated lifetime at 5 K [5]. For
ambient temperature (x = 300 K), a value of 5 = 66%
was obtained. This value significantly exceeds the one
which has been observed previously in most other
materials, such as NiZ":MgAl,O; (7 =20%) [11] and
Ni?+:Mg,Si0, crystal (i ~3%) [12]. It is also bigger than
that of a Ni2*:LiGazOg glass ceramic (i ~ 60%) [4]. While
the observed QE is still smaller than what has been found
for Ni**:MgO single crystals (57 ~ 80%) [13], the latter are
not suitable for optical fiber production and, hence,
would target different applications.

The stimulated emission cross section o, can be es-
timated with the Fiichtbauer—Ladenburg equation by
assuming a Gaussian-shaped emission band of FWHM

AVU’Z:
A2y (ln 2)‘/2
L —_— y 1
i drcnPrAvy e M

where / is the wavelength at band center, n is the refrac-
tive index of the host material, 7 is the emission lifetime,
and 5 is the quantum efficiency. For a band center at
1430 nm, a value of 8.5x 107® cm? (300 K, 5 = 65%,
© =39 us,n = 1.8 £ 0.02, and Av;; = 1545 cm™) is ob-
tained. The product of 6, and 7 is considered as a figure
of merit when characterizing the potential of prospective
laser materials. This is because it is proportional to the
amplification gain and inverse laser oscillation threshold.
So, the higher the value of 6., * 7, the more interesting
would be potential application as laser gain medium [14].
In the present case, a value of 3.3 x 10! em?s is ob-
tained (300 K). This compares to typical data of glasses
and glass ceramics that have been considered for similar
applications, such as Ni#*:LiGa;Og glass ceramic
(8.7 x 10! cm?s) [4], Pr®**-doped chalcogenide glasses
(48x107# em?s) [15], and Ti*":AlO; crystals
(14 x 107% cm?s) [16], and Tm*"-doped heavy metal
oxide glasses (~9 x 1072* ¢m?s) [17]. The high value of
Gy * T promises large amplification gain and low oscilla-
tion threshold, and hence suggests further studies with
the objective of application of Ni**-doped TBSA glass
ceramics as a broadband gain medium for tunable lasers
and amplifiers.

In summary, we reported on highly efficient NIR PL
from Ni®t-doped nanocrystalline Ba-Al titanate glass
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ceramics. The excited state lifetime of YINiZ! [>T, (°F)]
was found at 60 us at 10 K and 39 us at 300 K, from
which an internal QE of ~656% at room temperature
was calculated. The stimulated emission cross section
(6em) and figure of merit for an optical gain me-
dium (6o * 7) Were found at 8.5 x 1072° cm? and 3.3x
10724 em?s, respectively.

The authors gratefully acknowledge financial sup-
port by the Deutsche Forschungsgemeinschaft (DFG)
through the Cluster of Excellence “Engineering of
Advanced Materials,” and by the Chinese Fundamental
Research Fund for Central Universities (grant
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2.7. Near-infrared downconversion in Pr’/Yb* co-doped boro-

aluminosilicate glasses and LaBQO; glass ceramics

Pr’”ions act as sensitizers by absorbing 415-505 nm photons and transferring the absorbed
energy to Yb* ions in a cooperative down-conversion process resulting in NIR emission at
~1000 nm. After crystallization, both Pr’" and Yb>" ions occupy the La’" ion sites in the

LaBO; crystal structure resulting in the improved PL properties.

G. Gao and L. Wondraczek, Opt. Mater. Express 2013, 3, 633—644. -Reproduced by

permission of The Optical Society of America.

http://www.opticsinfobase.org/ome/abstract.cfm?uri=ome-3-5-633

&3



Near-infrared downconversion in Pr*’/Yb”"
co-doped boro-aluminosilicate glasses and
LaBOj; glass ceramics

Guojun Gao and Lothar Wondraczek™

Otto-Schott-Institute, University of Jena, 07743 Jena, Germany
"lothar.wondraczek@ uni-jena.de

Abstract: We report on downconversion of one blue photon to two near-
infrared (NIR) photons (~10000 cm™) in Pr'’/Yb*" co-doped SrO-La,O;-
Al03-B-0;-SiO, glasses and LaBO; glass ceramics. The Pr’* ions act as
broadband spectral sensitizer in the spectral range of 415-505 nm. Energy
transfer occurs subsequently from Pr’’ to Yb’', followed by re-emission in
the NIR spectral range. The transfer efficiency is indicated by the degree of
decrease of Pr'-related photoluminescence (PL) and PL lifetime of the P,
and 'D, levels with increasing Yb*" concentration. For the present case, we
find an optimum dopant concentration of Yb,O; of ~0.5 mol % for a Pr;,O;
concentration of 1.0 mol %. A theoretical maximum of quantum efficiency
of 183% is reached for 5 mol % of Yb,Os. PL characteristics (absorption
cross section and emission lifetime) are further improved upon precipitation
of crystalline LaBOs, where both Pr'* and Yb’* ions occupy La’" sites with
an assumedly statistical distribution and a high degree of partitioning.

© 2013 Optical Society of America

OCIS codes: (160.4670) Optical materials: (160.5690) Rare-carth-doped materials; (160.2540)
Fluorescent and luminescent materials; (160.2750) Glass and other amorphous materials.
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1. Introduction

One of the reasons for the low theoretical quantum efficiency of silicon solar cells is related to
the Shockley—Quaisser limit. where due to the spectral mismatch between incident photons
and the band-pap of crystalling silicon of ~1.1 eV, only aboul 32% of the solar spectrum can
be used for the generation of photoelectrons. In addition, high energy photons are ofien lost
duc to recombination ¢llects and/or active filicring 1o prevent photobleaching [1-3]. For these
reasons. several ways have been explored to convert, by photoluminescence, parts of the solar
spectrum to regions where the photovoltaic efficiency might be improved. These comprise
three principle routes, i.e., downconversion [4-13] where a near-ultraviolet (NUV) to visible
(Vis) photon is cut into two or more near infrared (NIR) photons, up-conversion [14,13],
where the energy of two or three NIR photons is absorbed to emit one photon of higher
energy, and down-shifting [16,17]. where the energy of incident photons is shifted into
wavelength regions which can be harvested more elfectively. Downconversion provides the
additional advantagc that the cnergy loss duc to the thermalization of hot charge carricrs after
absorption of a high-energy photon is minimized. A brief look at the solar irradiance spectrum
reveals that, in principal, ~15% of excess energy. the UV-Vis part of the spectrum which
would otherwise be lost as heat, is available for downconversion [18.19].

Considering the energy level of all lanthanides, Yb” has been recognized as the most
snitable candidate for downconversion. That is, the Yb*" ion has only a single excited state,
*Fy» at ~10000 cm™, above the ground state of “F-.. This means that Yb®" centers may act as
efficient recipients for energy quanta of ~10000 cm™' [rom any other co-dopant to emit
photons with a wavelength of about ~1 pm [4,19]. To effectively sensitize Yb™* to the UV-Vis
spectral region, a donor ion with an energy level at ~20000 cm ' is necessary. For this, Pr*,
Er”. Nd™. Ho™, Tm'", Tb*" or Ce¢** may be emploved. In the present report, we focus on Pr'*
to sensitize Yb’" because the absorption bands of Pr'” cover a broad spectral window in the
blue region due (o the successive energy levels of Pri Py - o | ana o [Fig. 1(b)]. These
absorption bands are located at approximately twice the band level of Yb":’F.., —°Fs [20-
22]. As host material, we chose a glass matrix which ¢xhibits virtnally universal forming
capability and high compositional flexibility for well-controlled and homogenecous doping. To
adjust the ligand symmetry and phonon energy, the glass composition may be sclected so that
in a subsequent anngaling procedure, a crystalling species precipitates from the undercooled
nclt into which dopants arc incorporated during crystallization [23-28]. Herc we cmploy a
glass of the composition 20 SrO-20 La-0;-10 Al;O:-40 B,05-10 Si0; [29]. In this system.
LaBO; crystallites can be precipitated by controlled nucleation in a heat treatment process.
Due to the equivalent charge and similar ionic radii of La*" (1.16 A, CN= 8), Pr’ (1.13 f\,
CN = 8) and Yb' (0.99 A, CN = 8), we expect that the dopant species can readily be
incorporated into the lattice of crystalline LaBO; [30].

2. Expcrimental

Precursor glass samples with nominal composition (mol %) 20 S1O-(19-x) La;05-10 Al:O5-40
B-0:-10 SiO»-1 Pr:0z-x Yb,Oz (SLABS, x =0, 0.1, 0.2, 0.3, 1. 2, and 5) were produced by
conventional melting in alumina crucibles at 1400°C for 2 h (air). Glass slabs werc obtained
after pouring the mclt into a prcheated (500°C) graphite mold and subscquent anncaling at
550°C for 2 h. From these slabs, disks of 20 x 20 x 3.0 mm’ were cut and polished on both
sides. To obtain glass ceramic samples, individual specimen were placed on alumina
substrates and isothermally annealed at 300°C for up to 32 h (air).
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UV-VIS-NIR absorption spectra were recorded from 300 to 2500 nm with a double-beam
photo-spectrometer equipped with a 150 mm integration sphere and a PbS detector (Perkin-
Elmer Lambda 950). Static and dynamic photoluminescence (PL) were studied with a high-
resolution spectrofluorometer and time correlated single photon counting (TCSPC, Horiba
Jobin Yvon Fluorolog FL3-22) using a static Xe lamp (450 W) and a Xe flashlamp (75 W) as
excitation sources. NIR PL. was observed with a thermoelectrically cooled InP/InGaAs-based
photomultiplier tube (Hamamatsu H10330A-75). Photoluminescence excitation (PLE) spectra
were corrected over the lamp intensity with a silicon photodiode and PL spectra were
corrected by the spectral response of the detector using correction spectra of the employed
PMT. The crystallization process of each specimen was first analyzed by differential scanning
calorimetry (DSC, Netzsch, Ar atmosphere) with a heating rate of 20 K min'. To identify the
crystalline phases after heat treatment, X-ray diffractometry (XRD, Siemens Kristalloflex
D500, Bragg-Brentano, 30 kV/30 mA, Cu Ka) was performed with a step width of 0.02°/s and
a counting time of 10 s per step over the 28 range of 5-70°. All analyses were performed at
room temperature.

3. Results and discussion

In Fig. 1 the effect of Yb,Os concentration on optical absorption is shown. For Pr’™ singly
doped SLABS glass, eight absorption peaks centered at 440, 471, 484, 591, 1003, 1416, 1515
and 1915 nm are ascribed to the inhomogeneously broadened 4f—4f transitions from the
ground state “H, to the excited states “P,, *P1. *Po, 'Da. 'Gu, *F4. °F3 and °F, of Pr’* (labels in
Fig. 1) [31]. As mentioned in the introduction section, three relatively strong and overlapping
absorption bands (*Hy — *P;,3) cover a large part of the blue wavelength range of 415-505
nm. For the Pr''/Yb>" co-doped samples, the additional absorption band with a maximum at
976 nm and a shoulder peak at ~935 nm is assigned to the transition from the ground state of
Yb?', °F,). to two different Stark levels of the excited state of “Fs.. As expected, the intensity
of this NIR absorption band of Yb’" increases lincarly with increasing Yb’" doping
concentration.

PrH — Yb*':'F, —°F,,

P °F
01,2 PrS&-:GFa I
":'D |
5.0 % Yb

2.0% Yb

1.0 % Yb

0.5% Yb
. _01%Yb
PriiG 0.0% M\_/\_____‘
1

500 1000 1500 2000 2500
Wavelength (nm)

Fig. 1. Absorption spectra of the Pr’*/ Yb* co-doped SLABS glasses dependent on Yb,O;
doping concentration.

Optical density (a.u.)

Radiative transitions within the 4f" configurations of trivalent rare earth ions can be
predicted by the Judd-Ofelt (J-O) theory. The Judd-Ofelt parameters €, Q, and Qg as
obtained from the measured absorption spectra in Fig. 1 are calculated 1.10 x 107, 1.06 x
10" and 0.87 x 107> cm? respectively [31-33]. Using these values, the radiative decay rate
Ajyp, the branching ratio /5y and the radiative emission lifetime 7,4 were estimated. Data are
summarized in Table 1.
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Table 1. Predicted Radiative Decay Rates (A,y), Branching Ratio (B ,r) and Radiative
Emission Lifetime (7,4q) of Pr*" in SLABS Glasses at 300 K

Transitions Wavenumber ~ Wavelength (nm) A (s B
SLI-S'LY (ecm™)

Py — D, 3815 2621 2.67 0.00

G, 10801 926 219.99 0.02

R, 13789 725 881.50 0.09

*Fs 14267 701 0 0

3F, 15562 642 3616.41 0.35

*He 16516 605 802.18 0.08

3H, 18680 535 0 0

3H, 20747 482 4796.91 0.46

At CPy) = 10319.64 57", 1100 CPo) = 66 ns

D, = 'Gy 6986 1431 88.76 0.10

F, 9974 1003 40035 0.43

3Ky 10352 966 36.85 0.04

3Fy 11747 851 105.51 0.11

Hyg 12701 787 98.09 0.11

Hs 14865 673 5.15 0.01

3H, 16932 591 189.73 0.21

A1 ('Dy)=924.43 57, 100 (D2) = 1081 ns

'Gy = °F,y 2988 3347 4.64 0.02

3Fy 3366 2971 0.66 0.00

*F, 4761 2100 0.77 0.00

*He 5715 1750 46.48 0.22

Hs 9879 1012 155.79 0.72

H, 9946 1005 9.73 0.04

Ag ('D) = 218.07 57, 710 ('G) = 4586 pis

PLE and PL spectra reveal direct evidence of energy transfer from Pr'' to Yb®' [Figs. 2(a)-
2(d)]. Room temperature PLE spectra are shown for emission at 608 nm (Pr’") and 976 nm
(YD), respectively. Consistent with the absorption spectra (Fig. 1), the PLE bands of Pr*
comprise three characteristic peaks at 445, 471 and 483 nm, together with a relatively weak
band at 591 nm. The former three bands exhibit similar intensity and strong overlap with each
other, what lets expect a relatively high excitation efficiency in this spectral range. The PLE
spectra of the Yb*':*F5»—7F5» [Fig. 2(d)] are in full agreement with those of the Pr’ -related
PLE [Fig. 2(a)] and with the absorption spectra of Pr’" (Fig. 1), what is taken as clear
evidence for the sensitization of the Yb’" emission center by Pr’* donors in the NUV-Vis
spectral range. In the following, the maximum PLE peak at 445 nm is selected to monitor the
PL spectra as a function of Yb,O; doping concentration.

The PL spectra of Pr’'-related emission centers [Fig. 2(b)] consist of six characteristic
bands which are located at 487, 530, 608, 646, 701 and 730 nm. Their designation is shown in
the inset of Fig. 2(a) and labeled in Fig. 2(b) [34-36]. The PL spectra of all samples are
dominated by the red band at ~608 nm which is attributed to the transition of Pr'*:*P,—"Hg.
The intensity of all bands of Pr’* decreases gradually with increasing Yb*" concentration over
the whole range of observed concentrations [Figs. 2(b) and 2(c)]. Very sharp drop appears to
occur in the sample with 5 mol% of Yb,0Os.

In Fig. 2(e). PL spectra of the NIR region are presented. For the Pr’" singly-doped SLABS
sample, the broad NIR PL band centered at ~1047 nm with a full width at half maximum
(FWHM) of 73 nm and a shoulder centered at ~998 nm is ascribed to the transitions of
'D,—°F, and 'D>—°F; in Pr'’, respectively. The relatively weak PL band at ~1475 nm is
assigned to 'D»—'G,. The observation of three bands originating from 'D, implies that
relaxation of the P, » 5 levels occurs via a multi-phonon relaxation to 'D,. This indicates that
'D, is efficiently occupied [2]. After co-doping with a small amount of Yb*>" (x = 0.1), a sharp
PL peak appears at 976 nm, accompanied by a broad shoulder at ~997 nm. These two bands
are attributed to the transition of the lowest Stark level of ZFS,Q in Yb*' to two different Stark
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levels of the ground state of ’Fy) [20]. The latter two overlap with the Pr’"-related emission
band at 1046 nm, To account for these three bands, all NIR PL spectra were deconvoluted into
three Gaussian functions [Figs. 3(a)-3(f)]. Regarding the concentration of Yb*', the intensity
of the emission bands at 976 and 997 nm increases for x < 0.5 and decreases sharply for
higher amounts Yb>'-doping. We conclude that this is caused by concentration quenching and
that, in the present matrix material, x = 0.5 represents the optimal doping concentration. As
already seen in the excitation spectra, also the decrease of the intensity of Pr-related PL
intensity after co-doping with a small amount of Yb’" and the parallel occurrence of
increasingly intense Yb’ -related emission bands indicate energy transfer from Pr’” to Yb*".
Pr’* acts as a sensitizer by absotbing NUV-Vis photons and partially transferring their energy
to Yb*" [Figs. 2(e) and 2(f)] [37-39]. Parallel to the intensity decrease of PL bands of Pr’* in
the visible range, also the PL intensity of Pr’":'D>—’F, [1047 nm, Figs. 3(¢) and 3(f)] and
Pr*'D,—'G, [1475 nm, Fig. 2(e)] decrease gradually with increasing Yb>" concentration. At
the same time, the position of the Pr*:'D,—°F; band red-shifts from 1047 to 1072 nm with
increasing Yb*" concentration [Fig. 3(e)], what is understood as another consequence of
energy transfer from Pr’* to Yb’".
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Fig. 2. Steady-state visible (a) PLE (hem = 608 nm) and (b) PL (A = 445 nm) spectra of Pr*,
and NIR (d) PLE (hx = 976 nm) and (&) PL (ke = 445 nm) spectra of Yb** of the Pr¥*/vYb** co-
doped SLABS glasses as a function of Yb*" doping concentration. (¢) PL peak intensity of Pr**
at 608 nm and (f) integrated PL intensity in the spectral range of 920-1200 nm as a function of
Yb*" doping concentration. Inset of (b): Energy levels of Pr*”. Lines in (¢) and (f) are guides for
the eye.
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Figures 4(a), 4(c). and 4(c) depict normalized PL decay curves for the Pr’'-related
transitions of *Po—’H, (608 nm) and 'D,—'G, (1475 nm), and for the Yb*"-related transition
of “Fs»—F;» (976 nm) as a function of Yb*" concentration after excitation at 445 nm. For
Pr’*’P,—’Hs, all decay curves exhibit multi-exponential behavior [Fig. 4(a)]. In the Pr'’
singly-doped sample, this may be due to cross-relaxation between Pr'* ions, whereas in co-
doped samples, this is caused by the increasingly faster depopulation of the Pr'™:’P, level due
to energy transfer from °P; of Pr'* to *Fs» of Yb’" with increasing Yb’* concentration [39].
The effective PL lifetime of the Pr’*~ P, state decreases from 7.2 to 1.2 us when the Yb*
concentration is increased to 5 mol % [Figs. 4(a) and 4(b)]. Similarly, also the effective PL
lifetime of the Pr'":'D, state decreases from 7.6 to 2.1 ps with increasing Yb>" concentration
[Figs. 4(c) and 4(d)]. This shows that both states contribute to the energy transfer process. The
energy transfer from the °P, level results in downconversion of one visible photon into two
NIR photons whereas the energy transfer from the 'D; level results in down-shifting of one
NIR photon into another NIR photon. A more detailed discussion will be presented in the
following paragraphs. The energy transfer efficiency #err 1s defined as the ratio between the
number of depopulation events which result in energy transfer from donor to acceptor and the
total population of the excited states in the donor. It can be calculated from the ratio of the
lifetimes of the excited state(s) of the donor in the presence of the acceptor as compared to a
specimen which contains only the donor species [6,38],

#187589 - $15.00 USD  Received 25 Mar 2013; revised 10 Apr 2013; accepted 11 Apr 2013, published 18 Apr 2013
(C) 2013 OSA 1 May 2013 | Vol. 3, No. 5| DOIL:10.1364/OME.3.000633 | OPTICAL. MATERIALS EXPRESS 639

90
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0%Yb
Here, T,y is the lifetime a Pr'-related state after co-doping with x mol% Yb,0O;. For both
levels, 3P, and lDz, the calculated values of »gr increase with increasing Yb* concentration,
i.c., from 11.5% and 9.8% for x = 0.1 to 83.0% and 88.1% for x = 5.0, respectively. The total

theoretical quantum efficiency is then calculated as a function of Yb®* concentration [6.40],

nETE,x%Yb

=" (1 “are xnre ) + 277Yb77ETE,x%Yb > (2)

where #p, and #yp, are the quantum efficiencies for the Pr" and Yb®" luminescence,
respectively. To estimate the theoretical optimum, the latter two are set to unity. Then, if only
the energy transfer from the “P, level is considered, a total theoretical quantum efficiency of
183% is obtained for x = 5.0. This value is close to the upper limit of two-photon quantum
cutting of 200%. The actual quantum efficiency, however, is significantly lower due to
concentration quenching and other non-radiative decay processes.
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Fig. 4. (a) Normalized decay curves of the Pr*'/Yb*" co-doped SLABS glasses dependent on
Yb,Os doping concentration under excitation at 445 nm by monitoring PL (a) at 608 nm
(Pr*'’Po—’Hy), (c) at 1475 nm (Pr’":'D,—'Gy) and (e) at 976 nm (Yb*":*F5,—7F10). Yb*'
doping concentration dependent lifetimes of (b) Pr** PL at 608 nm, (d) Pr** PL at 1475 nm and
(OYb*" PL at 976 nm. Lines in (d), (¢) and (f) are guides for the eye.

In agreement with the PL intensity change of Yb’:*F5»—°F;» (976 nm) upon Yb*"
concentration increase [Figs. 4(e) and 4(f)], also the effective lifetime of this emission band
first increases up to ~36.6 s for x = 0.5 and subsequently decreases for higher x, i.e., to 10.7
us forx=5.0.
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To evaluate the potential of further enhancement of the energy transfer efficiency, glass
ceramic samples were considered where LaBOjs crystallites were precipitated so that Pr'™ and
Yb®" are incorporated into the crystalline lattice on La®" sites.
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Fig. 5. (a) DSC curve of the SLABS glass sample. (b) ex situ XRD patterns of the
1Pr**/0.5Yb*" co-doped SLABS glass and LaBO; glass ceramic annealed at 800 °C for 32 hrs.
(¢) Crystal structure of LaBOs;. Blue, black and red full sphere illustrates La* B*" and O*
respectively.

Figure 5(a) exemplarily shows a DSC curve of the SLABS glass sample with a heating
rate of 20 K min ' after baseline correction. The onset of glass transition 7, was observed at
679.5 £ 0.5 °C. Three crystallization peaks were found at 852, 926 and 948 + 0.5 °C.
Targeting the non-isothermal crystallization event at 852 °C, controlled crystallization was
then performed isothermally at 800 °C for 32 h. XRD [Fig. 5(b)] of the untreated sample did
not reveal any diffraction peaks, showing that the as-made glass was - within the accuracy of
measurement - free of any crystalline phases. After thermal anncaling, multiple intense
diffraction peaks were found. These were indexed to the room-temperature orthorhombic
phase of LaBO; (JCPDS card no. 00-013-0113). In addition, XRD patterns indicate the
presence of at least one further, minor crystallite species which we assign as hexagonal
SrAl,B,0; (JCPDS card no. 00-046-0621). For clarity, the tabulated diffraction patterns of
both species are shown in Fig. 5(b). The lattice of LaBOj is illustrated in Fig. 5(c). It
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comprises an orthorhombic aragonite-type structure and cell parameters of @ = 5.104 A, b =
8252 A, ¢ =5.872 A, composed of LaOs polyhedra and BO; trigonal groups [41]. Due to the
aforementioned similarity of ionic radii, Pr'" and Yb*" should readily be incorporated on La*"-
sites (for comparison, the radius of B*' is about one third, ic., 0.41 A, as compared to the
three rare earth species) [30].
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Fig. 6. Steady-state visible (a) PLE and (b) PL spectra of Pr*", and NIR (d) PLE and (e) PL
spectra of Yb** of the 1Pr*"/0.5Yb* co-doped SLABS glass and LaBO; glass ceramic annealed
at 800 °C for 32 hrs. (¢) Visible (Pr** PL at 608 nm (*Py—*Hy)) and (f) NIR (Yb*" PL at 976 nm
(2F5/2%2F7/2)) decay curves of the SLABS glass and glass ceramic annealed at 800 °C for 32 hrs
excited at 445 nm monitoring PL at 608 nm of Pr** and 976 nm of Yb*' respectively.

Figures 6(a) and 6(d) show PLE spectra (monitoring 608 nm PL from Pr’" and 976 nm PL
from Yb>', respectively) of the SLABS glass and glass ceramic for x = 0.5. After
crystallization, the characteristic excitation bands of Pr' are clearly enhanced. Not
surprisingly, annealing at elevated temperature leads to a great change in the PL spectra [Figs.
6(b) and 6(c)] and decay curves [Figs. 6(c) and 6(f)], as well. For Vis PL from Pr’* [Fig. 6(b)].
the peak intensity at 608 nm increased by a factor of ~5 after crystallization. Moreover, all PL.
bands apparently split and sharpen notably as a result of crystallization. The latter
observations indicate that Pr'” is indeed incorporated into the LaBOs crystal phase. A
comparison of the decay curves of the Pr’':’P,—°H, PL band of the SLABS glass and the
corresponding glass ceramic is shown in Fig. 6(c). Both curves can be best fit by second-order
exponential equations, suggesting that in both cases a slow and a fast decay process
contributes to PL. The lifetime values are obtained from the best fit. For both decay processes
they increase after crystallization, i.e. from 2.4 to 7.1 ps and from 11.9 to 52.3 ups,
respectively. This is taken as further evidence for the incorporation of Pr’* into the crystallite
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phase. If Pr'” is incorporated into the LaBO; lattice, we expect that Yb’" would behave
similarly. Otherwise, energy transfer between the two species would become highly unlikely
due to their spatial and configurational separation. Examining the PL spectra of Yb®' in the
NIR range for the crystallized sample [Fig. 6(e)], a strongly enhanced intensity of the peak at
976 nm is visible as compared to the as-made glass. Additionally, the peak intensity ratio of
the two peaks at 976 and 997 nm, lo76/1097, decreases from 2.2 to 1.5 after crystallization. We
attribute the latter observation to stronger Stark splitting of the ground state of Yb>", *F+». in
the LaBO; crystalline environment. Analogous to the behavior in the as-made glass, and also
similar to the behavior of Pr'" in the LaBO; lattice. decay curves follow a second-order
exponential equation [Fig. 6(f)]. After crystallization, the two resulting lifetime values
increase from 28.7 to 35.3 us and from 149.0 to 297.3 us, respectively, for the fast and for the
slow decay process. From these observations, we conclude that also Yb®" is incorporated into
the crystallite phase.
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Fig. 7. Energy levels diagram of Pr*” and Yb*", and possible energy transfer mechanism from
P to YB*. (a) Resonant energy transfer from Pr¥:*Py and Pri*:lG, levels to two Yb3':%Fsp,
level. (b) One step first-order resonant energy transfer from Pr*:’Py level to Yb*":%Fs;; and then
a radiative relaxation from Pr*':'Gy level to Pr*'*H, or Pr*':*H; level. (¢) Cooperative energy
transfer from one Pr*":’P, level to two neighboring Yb*":*Fyj; level. (d) The first-order resonant
energy transfer from P3P, level to Yb* :%F .

Although on the first view. the presence of an intermediate level at about 10000 cm™' in
Pr'*, suggest a relatively simple energy transfer process, at least four different ways may be
considered for the pair of Pr’" and Yb”", illustrated in Figs. 7(a)-7(d). These are

a) two-step first-order resonant energy transfer from the °P, and 'G, levels of Pr* to the
“F,, level of Yb', resulting in the generation of two NIR photons at ~1 pum [4],

b) single step first-order resonant energy transfer from °P, of Pr'’ to “Fs, of Yb*', and
further relaxation of 'Gy to “H, or “Hs of Pr’”, resulting in one photon at ~1 pm and
another one at ~1 um (*H,) or at ~1.33 um (Hs) [42].
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¢) single step second-order cooperative energy transfer from the °P, level of Pr’' to two
neighboring Yb*:°F levels, resulting in the emission of photons from Yb®>~ centers
with a wavelength of ~1 pum [36], and

d) non-radiative relaxation of *P, to 'D» (Pr'"). followed by first-order resonant cnergy
transfer from Pr3':1P2 o Yb3+:‘F5;3. resulting in the cmission of a single photon at ~1
pm.

All processes (a-d) require some extent of phonon interaction.

The first two mechanisms (a-b) appear rather unlikely due to the following reasons: firstly,
the absence of Pr’* PL bands from “P,—'G, (which should occur ~930 nm). from ‘G,— Hs
(~1850 nm) and from 'Gs —°Hs (~1330 nm), what indicates poor population of the 'Gy level
of Pr’*. Secondly. the 'Gy level of Pr'™ is ~200 cm ' lower than the °Fs,; level of Yb®". This
means that energy transfer should rather occur from Yb* to Pr’ than vice versa. Thirdly. the
absorption band which is assigned to the transition [rom the ground state of Pr’*. *H,. (o the
'G, level is very weak (Fig. 1). Fourthly, the cnergy gap between the 'Gy and the lower lying
3F, level is low (~3000 cm ') may lead to very high multi-phonon assisted non-radiative
transition rates from the 'G. level. Finally, the branching ratio of the *P,—'G, radiative
transition and the total radiative rates of the °Pq level are as low as ~0.06 and 218.07 cm ',
respectively, resulting in a low population of the 'G. level (Table 1).

As briefly discussed in the previous chapiers, the decrease in intensity of all PL bands of
Pr’* in the presence of Yb™ [Figs. 2(a)-2(0)]. and also of PL lifctime of the Pr'*:’P, and
Pr't:'D, levels [Figs. 4(a)-4(d)] suggests that ¢cnergy transfer occurs through both the °P, and
'D, levels of Pr’*. The branching ratio of the *P,—'D, radiative transition is close to zero.
This indicates the dominating multi-phonon assisted non-radiative transition of *Py—'D,
(Table 1). The excitation efficiency of Yb*' via the *P, level of Pr’' is 2.7 times higher than
via the 'D; level [Fig. 2(e)]. This indicates that also energy transfer from the *P, state is more
efficient than from the 'D, state. Additionally, the total radiative rate of the °P, level
(10319.43 cm™) is much higher than that of the 'D, level (924.43 cm ') which confirms our
conclusion (Table 1). The absence of *P,—'Gy Pr'~ PL also indicates that the cooperative
cnergy transfer process cannot be neglected [Fig. 7(c)].

4. Conclusions

In summary, NIR downconversion of one blue photon into two NIR photons (~10000 cm™")
was observed in Pr’ /Yb®' co-doped SLABS glasses and corresponding LaBOj glass ceramics.
The decrease of all Pr-related PL bands in intensity and lifetime with increasing Yb**
concentration along with the observation of typical Pr’" PLE bands by monitoring Yb’'-
related PL at 976 nm indicated that energy transfer occurs through both the “P, and the 'D,
level of Pr'” to Yb"". Thereby, transfer from Pr':’P, to Yb*" occurs as a downconversion
reaction where of one visible photon is cut into two NIR photons, whercas transfer from
Pr*:'D, to Yb' results in a down-shift of the energy of a single NIR. The transfer efficiency
from the Pr'"-’P, level is higher as compared to that from the Pr’"'D, level. A theoretical
quantum efficiency of 183% was estimated for this process. In the present matrix material, the
optimal doping concentration of Yb.O; for downconversion is ~0.5 mol%. Crystallization of
the as-made glass into a LaBO; glass ¢eramic leads to improved emission properties. Thereby,
Pr'* ions as well as Yb™ ions enter the crystallite lattice, assumedly onLa’™ sites.
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2.8. Near-Infrared down-conversion in Mn**-Yb*" co-doped Zn,GeO,

The intrinsic defect transitions of Zn,GeOy lattice and Mn”" ions act as broadband spectral
sensitizers by absorbing UV-Vis (280-500 nm) photons. The absorbed energy is
transferred to Yb>" ions in a cooperative down-conversion process resulting in NIR

emission ~1000 nm.

G. Gao and L. Wondraczek, J. Mater. Chem. C 2013, 1, 1952-1958. -Reproduced by
permission of The Royal Society of Chemistry.
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Near-infrared down-conversion in Mn?*-Yb** co-doped
Zn,GeO,

Guojun Gao®® and Lothar Wondraczek*?

We report on near-infrared (NIR) down-conversion by energy transfer between Mn?" and Yb®* in
crystalline Zn; o5_xGeOur1/2:MnNo 0aYb,. In the Zn,GeO, lattice, intrinsic defect transitions and Mn?* ions
act as broadband spectral sensitizers by absorbing UV-Vis (280-500 nm) photons and transferring the
absorbed energy to Yb®" centers in a cooperative down-conversion process. The Yb>* acceptor is then
the source of NIR emission at a wavelength of ~1000 nm. Efficient energy transfer is reflected by a
sharp decrease in the excited state lifetime and green photoluminescence (PL) from tetrahedrally
coordinated Mn?* with increasing Yb®" concentration. PL-excitation spectra of NIR luminescence from
Yb3" are identical to those of from YMn2*. A maximal energy transfer efficiency (ETE) from Mn?* to
Yb* and a total theoretical quantum efficiency of 63.8% and 163.8%, respectively, are estimated.

1 Introduction

Solar spectral down-conversion of one UV-Vis photon of high
energy into two or more near infrared (NIR) photons of lower
energy has been proposed as a potential route to overcome the
Shockley-Queisser limit of the spectral efficiency of solar
cells.*” For example, for crystalline silicon (c-Si), about 32% of

matocos smorgy ie awvailalala {;m the LI Uie part of the colas apos

trum, which is usually lost by electronic recombination and
thermal relaxation (see Fig. 1a). If this part of the incoming
spectrum could effectively be converted to the NIR, the effi-
ciency of a single junction c-Si solar cell could be enhanced up
to 40%.*" Luminescence schemes, which could be employed
towards this goal, are therefore being given significant attention
since the 1990s.°*2 The Yb®* ion has been identified as an
almost ideal acceptor species for this purpose, as it possesses
only a single excited state, *F,s, which is located close to the
maximum of the spectral efficiency of ¢-Si.**** Various rare earth
(RE) ions have been considered as sensitizers for Yb**, i.e., Pr**,
Er*", Nd**, Ho’", Tm®" and Tb**.1>2° However, these RE species
typically exhibit relatively narrow absorption bands with low
absorption efficiency due to their characteristic parity forbidden
4f-transitions. While this property makes them the material of
choice for, e.g., applications in optical amplifiers and lasers, for
efficient spectral conversion, a broader absorption spectrum
would be desirable.”** We therefore consider the 5d transition
metal (TM) ion Mn®>" as a sensitizer for Yb>". As one of the most
important class of inorganic phosphors, Mn>" activated mate-
rials show a broad PL band varying from deep green to far red
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due to the parity-forbidden d-d transition from the lowest
excited level, “T(*G), to the ground state of °A;(°S). The versa-
tility of the Mn>" center originates from the strong ligand
dependence of the *T,(*G) state (Fig. 3d),>*® which typically
leads to greenyellow or yellow-red photoemission from tetra-
hedral "Mn?>" or octahedrally coordinated “'Mn**, respec-
tively.””?® The line strength of the spin- and parity-forbidden
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Fig. 1 (a) Standard solar spectrum for air mass 1.5. Raw data of (a) was derived
from ASTM G173-03 reference spectra. (b) Diffuse reflectance (DR) spectra of
ZGM-0Yb; PLE spectrum for greenish-white PL from the pure Zn,GeQ,4 host (Aem =
535 nm); direct PLE spectrum for green PL from "YMn?* (2, = 535 nm) and the PL
spectrum (Aem = 330 nm) of Yb>* in ZGM-0004Yh.



electric dipole transitions of Mn*" is usually low,** and
sensitizers are often employed to improve the absorption effi-
ciency. As one such, willemite-type zinc orthogermanate
(Zn,GeO,), a wide-bandgap (4.68 eV) semiconductor, has
received much attention.®* By itself, it exhibits bright white-
bluish PL from the recombination reactions of native donors
(v$ and Zn$) and acceptors (Vy, and Vge).***® By doping with
Mn*’, it has been demonstrated as a highly efficient green-
emitting phosphor due to energy transfer from the Zn,GeO,
host to Mn?* on tetrahedral lattice sites.3** Its excitation (PLE)
bands cover almost the whole spectral window from 250 to 500
nm (see Fig. 1b). The position of the active state of Mn*":*T,(*G)
(~21 000 cm™ ") is approximately twice the absorption energy of
Yb*"’F,; = *Fys (~10 200 cm™ ') Energy transfer from
Yb*" to Mn*" has therefore been studied for the up-conversion
of NIR light.*** In this report, we focus on the alternative
direction of energy transfer, i.e. from Mn>" to Yb®" as a potential
way for spectral down-conversion. We show that Mn®" is an
efficient sensitizer for Yb®' in 7N 96-xG€O0441/2x:MNg 04 YDy
Then, broadband cooperative down-conversion can be achieved
by energy transfer from Mn** to Yb*>" and from Zn,GeO, to Yb>"
via Mn>*, respectively.

2 Experimental

Samples of Zn; g6 xGeO411/2x:MNg 0, YD, (x = 0, 0.004, 0.04 and
0.4, sample nomenclature: ZGM-xYDb, e.g. ZGM-0004Yb for x =
0.004) and pure Zn,GeO, were synthesized in a conventional
high-temperature solid state reaction from high purity ZnO
(99.97%), GeO, (99.999%), MnCO; (99.9%) and Yb,0;
(99.999%). All ZGM-xYb samples were doped with the optimized
nominal concentration of Mn (2 at.%) for obtaining green PL
from "Mn?*' in Zn,Ge0,.% Stoichiometric mixtures of raw
materials were ground, pre-calcined at 900 °C for 4 h in air, and
again ground in an agate mortar. Sintering was then performed
at 1300 °C for 12 h in air.

The crystal structure of the synthesized samples was studied
ex situ by powder Xray diffractometry (XRD, Siemens Kris-
talloflex D500, Bragg-Brentano, 30 kv/30 mA, Cu Ka) with a step
width of 0.02° s~" and a counting time of 10 s per step over a 26
range of 10-70°. Diffuse reflectance (DR) spectra were recorded
with a dual-beam photospectrometer equipped with a 150 mm
integration sphere and a PbS detector (Perkin-Elmer Lambda
950). Static and dynamic PL were studied with a high-resolution
spectrofluorometer and by time correlated single photon
counting (TCSPC, Horiba Jobin Yvon Fluorolog FL3-22) using a
450 W static Xe lamp and a 75 W Xe flashlamp as excitation
sources, and mechanical double monochromators in the
emission and excitation channels. NIR PL was observed with an
InP/InGaAs-based thermoelectrically cooled photomultiplier
tube (NIR-PMT, Hamamatsu H10330A-75). Photoluminescence
excitation (PLE) spectra were corrected over the lamp intensity
with a silicon photodiode and PL spectra were corrected by the
spectral response of the detector using the correction spectra of
the employed PMT. The external quantum efficiency ngqg of the
PL in each sample was obtained from three individual
measurements using a BaSO,-coated integration sphere, i.e., by
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recording the PL spectra of the sphere alone and with the
sample, and the PLE spectra of the sphere alone. The value of
Neqe Was then obtained from

nige = (JLs — [Lr)/[Ex ey
where [Lg and [Lg represent the integral PL intensity with and
without the sample, respectively, and [Ey is the integrated PL
intensity which is obtained when exciting over the complete
PLE spectrum of the sphere alone. All analyses were performed
at room temperature.

3 Results and discussion

Fig. 2a shows ex situ powder XRD patterns of ZGM-xYb samples
with various Yb®" doping concentrations. For the samples
doped with lower amounts of Yb** (x = 0.04), all diffraction
peaks can readily be assigned to pure Zn,GeO, (orthorhombic,
JCPDS card no. 00-013-0687, tabulated diffraction pattern
shown for reference). As displayed in Fig. 2b, willemite-type
Zn,GeQ, belongs to the space group R3 with a phenacite-like
structure and cell parameters of ¢ = b = 14.231 A, c=9.530 4,
a = 8 = 90° and y = 120°. Its lattice is composed of corner
sharing ZnO, and GeO, tetrahedra. Due to the closeness of the
effective ionic radii and equivalent charge, Mn2" (0.66 A in four-
fold coordination) would preferably occupy the Zn*' sites
(0.60 A) as compared to Ge*" sites (0.39 A).*” No secondary
crystal phases can be identified for the samples with x < 0.04,
indicating that Mn®" ions indeed completely dissolve in the
Zn,GeO, lattice. For the samples doped with higher Yb**
concentration (x = 0.04), minor amounts of Yb,Ge,O; (tetrag-
onal, JCPDS card no. 00-045-0531) and ZnO (hexagonal, JCPDS
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Fig. 2 (a) Ex situ powder XRD patterns of ZGM-xYb as a function of Yb3*
concentration. Diffraction patterns of Yb,Ge,07 and ZnO crystals are marked by
filled circles and stars, respectively. Also shown in (a) is the tabulated diffraction
pattern of Zn,GeO,. (b) Schematic of the Zn,GeOy, crystallite lattice. Blue and
green tetrahedra represent the ZnO,4 and GeO,4 groups, respectively.
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card no. 00-075-0576) can also be indexed (Fig. 1a). With an
effective ionic radius of Yb*" of ~0.87 A (six-fold coordination),
the radius difference between Yb’" and Zn** or Ge*" appears too
large to allow for an immediate assignment of lattice sites in
Zn,Ge0,." Instead, at an elevated Yb*" content, Yb*" and Ge**
partition into Yb,Ge,O; and leave residual ZnO. Yb,Ge,0; is
composed of apex-sharing GeOyg octahedra. Yb*" is incorporated
into the network voids between those octahedra where it forms
scalenohedrons of YbOg which share edges with the GeOjq
groups.* Interestingly, the general pyrochlore structure of
A,B,04X offers a large chemical variety for the occupation of A
and B sites.

All ZGM-xYb samples exhibit a wide and intense absorption
band which covers the spectral range of 250 to 400 nm with
peaks at ~298 nm and ~255 nm (Fig. 1b). The latter are
attributed to matrix absorption of Zn,Ge0Q,.

As already mentioned, Zn,GeQ, is a self-activated phosphor.
We therefore first consider the PL properties of pure Zn,GeQ,.
As shown in Fig. 3b, it exhibits a broad PL band in the spectral
range of 400-700 nm with a maximum at 505 nm and a full
width at half maximum (FWHM) of ~148 nm (5609 cm ™ ") under
excitation at 307 nm. This band is attributed to the radiative
recombination of a donor (¥}, and Zn}) and an acceptor defect
(V,, and Vg,).* The corresponding PLE spectrum (monitoring
PL at 505 nm) is comprised of a broad band from 250 to 350 nm
with two individual peaks at ~269 and ~307 nm, consistent
with the two absorption peaks in Fig. 1b and 3a. The PLE peak at
269 nm is ascribed to the transition from the valence band to
the conduction band of the Zn,GeO, host, whereas the origin of
the PLE peak at 307 nm is not clear." The corresponding
effective lifetime of PL is <3 ps (Fig. 3¢, note that the pulse width
of the employed Xe flash lamp is 3 ps).
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Fig.3 Room temperature steady-state (a) PLE and (b) PL spectrum for greenish-
white PL in pure Zn;GeO,. (c) Corresponding room temperature decay curve, (d)
Tanabe-Sugano diagram of 5d (Mn?*}. Arrows in (d) schematically indicate typical
field strengths for Mn®* in tetrahedral or octahedral coordination.

1954 | J. Mater. Chem. C, 2013, 1, 1952-1958

99

Fig. 4a and 5a display room temperature PLE spectra for the
green PL from ™Mn*" in ZGM-xYb. The spectra consist of two
distinet parts, Ze., an intense band ranging from 260-400 nm
with two individual peaks centered at ~280 and ~330 nm, and a
weak band in the spectral range of 410-500 nm. High-energy
excitation is related to the Zn,GeQ, matrix, where the first PLE
peak at ~280 nm is attributed to the aforementioned transition
between the valence and the conduction band, and the ~330
nm peak reflects the charge transfer transition from the ground
state of YMn*":°A,(°S) to the conduction band of Zn,Ge0,.* The
comparably weaker PLE bands in the range of 410-500 nm
(maxima at ~475, 436 and 424 nm) arise from the d-d transi-
tions of the ground state of Mn*" (°A,(°S)) to the excited states as
labeled in Fig. 5a. In the following, the 330 nm band was
selected as the strongest of all to monitor the PL spectra of
"YMn*" (Fig. 4b). For comparison, also the PL spectra of ""Mn®>*
for excitation to *A,(*G) + 'E("G) (~424 nm) are presented
(Fig. 5b).

Intense characteristic PL from "Mn*" (~535 nm, Fig. 4b) is
observed in both cases. The emission band spans the spectral
range of 480-640 nm with a FWHM of ~54 nm (1836 cm ™) and
is attributed to the aforementioned parity-forbidden d-d tran-
sition from the lowest excited state “T,(*G) to the ground state
°A,(°S) of YMn*". The position of the PL band confirms rela-
tively low crystal field splitting and, hence, tetrahedral coordi-
nation of Mn*" in the Zn,GeO, host. It is noteworthy that no
bluish-white PL from the Zn,GeQ, host can be observed at this
point, which indicates that energy transfer occurs from the
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excited states of Zn,GeO, to YMn**. As expected, the typical
green PL band is also observed when the YMn?* is directly
excited (Fig. 5b). The PL intensity of the "Mn*'-related band
decreases gradually with increasing Yb** concentration (Fig. 4b
and c, 5b and c). This implies energy transfer from Mn** to Yb**.
Also, the peak position for green PL from “YMn®* red shifts
slightly from 535 to 540 nm with increasing Yb** doping
concentration. The latter observation reflects the fact that the
higher energy configurations of "YMn?** preferably contribute to
the energy transfer from Mn*" to Yb®".

The PLE spectra of NIR PL from Yb*" centers (}em = 981 nm,
Fig. 4d and 5d) are full in agreement with the above results. As
expected, no NIR PL is found in the studied spectral region
from ZGM-0Yb. Only after co-doping with a small amount of
Yb>* (x = 0.004), a sharp peak with a maximum at ~981 nm
(FWHM of ~37 nm) and three shoulders at ~988, 1002 and
1050 nm (inset of Fig. 4e) arises. This emission can be excited
via both the UV band at 330 nm (Fig. 4¢) and the Mn>"-related
band at 424 nm (Fig. 5e). Since neither Mn®" nor the Zn,GeO,
host exhibits known NIR PL in this spectral region, all observed
NIR bands are readily attributed to radiative decay from the
lowest stark level of Yb**, *F,, to four different stark levels of
the ground state of Yb**, ®F,,, (inset of Fig. 4d). The intensity of
these bands decreases with increasing Yb** concentration due
to concentration quenching (Fig. 4d-f and 5d-f).**s* The posi-
tion of the main band red-shifts slightly from 981 to 983 nm
with increasing Yb®" concentration, probably due to the
increasing extent of self-quenching.*®** The appearance of the
characteristic NIR PL from Yb®" centers is taken as direct
evidence for the energy transfer of Mn®>" — Yb’'. In this case,
Mn*" acts as a sensitizer by absorbing UV-Vis photons and
transferring the absorbed energy to Yb>" centers.
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Normalized decay curves of green PL from Mn>" (direct
excitation) are depicted in Fig. 6a. The best fit of all curves is
obtained by a second-order exponential function, I(t) = A + B,
exp(—t/Tease) + B €xp(—t/Tg0w)- This indicates an overlap of a fast
and a slow decay component with lifetimes ¢, and tgq. The
fast decay process is caused by coupling in Mn*'-Mn>" pairs or
clusters,*” whereas the slow decay process is attributed to iso-
lated Mn®" ions.*** The effective lifetime 7, is defined as the
time within which the intensity decays to 1/e of its initial
value.’*” Since the transition of YMn*":*T,(*G) — °A,(°S) is
parity-forbidden, a relatively long lifetime is expected. The
deconvoluted values of g, Tsow and 7y, are summarized in
Fig. 6b. They all decrease with increasing Yb*>* concentration:
energy transfer from Mn”* to Yb>" provides a new pathway to
de-populate the excited state of “Mn*":'T,(*G).

Fig. 7a shows the corresponding normalized decay curves of
green PL from "YMn?" under NUV excitation. Here, the effective
lifetime of the Yb**-free sample is ~3.7 ms, which is longer than
that directly excited YMn>" in ZGM-0Yb. 1t decreases gradually
to ~1.6 ms with increasing Yb®>" concentration (Fig. 7b).
Consistently, the external quantum efficiency (EQE) of the green
PL drops from 45.2% to 5.7% with increasing Yb*" doping
concentration under UV excitation (Fig. 7b). Both observations
further confirm the conclusion of the occurrence of energy
transfer from Mn>" to Yb**, which increases the decay rate of the
YMn>":*T, (*G) level.

The energy gap between Mn>":*T,(*G) and the Yb*":*F,5
level is ~8870 cm™*. The maximum phonon energy in Zn,GeO,
is ~800 cm™.*! Thus, at least 11 phonons are needed to over-
come the gap between VMn>":*T;(*G) and the Yb*':*F,5 level
through multi-phonon non-radiative relaxation. We therefore
neglect the possibility of non-radiative relaxation between those
levels in the following discussion and assume that energy
transfer occurs as a cooperative down-conversion process where
one visible photon is converted into two NIR photons. This is
schematically shown in Fig. 8.

Under excitation at 280 nm, electrons from the valence band
of Zn,GeO, are excited to the conduction band. Subsequently,
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Fig. 6 (a) Normalized decay curves for green PL of MMn?* in ZGMxYb, (b)
deconvoluted lifetimes for the individual decay processes tfast and eow, and
effective lifetime 71/, and (c) energy transfer efficiency (ETE) and total theoretical
quantum efficiency (TQE) in ZGM-xYb phosphors under excitation at 424 nm.
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the excited free electrons are trapped by Vg or Zn{ through non-
radiative processes. Recombination of the native defects results
in the intrinsic greenish white PL from Zn,GeQ,, but the elec-
trons in Vg or Zn can also transfer their energy to the *T,(*G)
level of YMn?**. The radiative transition of Mn>":*T,(*G) —
YMn?*:°A,(°S) results in green PL. In the presence of Yb>", the
electrons at the YMn>":°A,(°S) level can also transfer their
energy to two neighboring Yb>":*F, 5 levels simultaneously by a
one step second-order cooperative energy transfer (CET) process
which results in two photons with a wavelength of ~1000 nm
through relaxation of Yb*":*Fy5 to Yb*":?F,,,.

When excited at 330 nm, electrons from the ground state of
YMn?*:°A,(°S) are lifted to the conduction band of Zn,GeO,
through a charge transfer reaction, Mn>* + iw — Mn** + e,
Then, multiphonon-assisted relaxation occurs from the
conduction band of Zn,GeO, to YMn>":*T,(*G). The subsequent
processes are similar to those following 280 nm excitation.

The energy transfer efficiency ng1g is estimated by®®

1- Tx%Yb

@

NETEX%Yb —
To%Yb
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In eqn (2), Teoyp is the lifetime of Mn**-related emission for
co-doping with x mol% Yb,0;. Here, the effective lifetime values
were used for the calculations. The calculated ngpg increases
from 17.8% to 63.8% and from 11.2% to 57.0% under excitation
at 424 and 330 nm, respectively, when increasing the Yb**
doping concentration from x = 0.004 to 0.4 (Fig. 6¢ and 7b).
The total theoretical quantum efficiency (TQE) is then calcu-
lated in dependence of the Yb®>" doping concentration via®

€)

7 = Nvn(l — NETEx%yb) + 20vbMETE % YD

where nyn, and 7y, are the quantum efficiencies of Mn®" and
Yb*" PL. Both of them were set to unity. A calculated value of
TQE of 163.8% and 157.0% (for ZGM-04YDb) was obtained for
excitation at 424 and 330 nm, respectively (Fig. 6¢ and 7c). These
values may be taken as qualitative estimates and for referencing
to alternative materials. The actual quantum efficiency is lower
due to concentration quenching and other non-radiative losses
which occur in real systems.

4 Conclusions

In summary, reported spectral down-conversion in
7N 06 xGeO041/2::MNg 04Yb, phosphors via the pair of Mn®'-
Yb*". In the Zn,GeO, lattice, Mn*" ions partition on Zn*" sites in
the form of tetrahedral MnO, groups. The absorption of
Zn,GeO, and Mn** spans the spectral range of 250-500 nm.
This enables broadband sensitization of Yb**. Energy transfer
occurs either from defect levels of Zn,GeO, to two neighboring
Yb*":%F, s centers via "YMn>":°A, (°S) or through direct excitation
of YMn>":°A,(®S). The occurrence of this energy process is evi-
denced by reduced green PL from Mn>', reduced corre-
sponding PL lifetime and reduced external quantum efficiency
with increasing Yb®" concentration, and identical PLE spectra
for monitoring PL from “Mn*" and NIR PL from Yb*". The
transfer process results in cooperative down-conversion of one
visible photon into two NIR photons. The estimated maximum
energy transfer efficiency (ETE) from Mn>" to Yb*" is ~64%. The
total theoretical quantum efficiency is ~164%. The results
suggest that Znj g6 xG€O0441/2x:MNg 04 YD, phosphors could be
employed for solar spectral down-conversion.
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2.9. Thermal collapse of SAPO-34 molecular sieve towards a

perfect glass

Controlled collapse of a silicoaluminophosphate molecular sieve CHA-type SAPO-34 by
thermal aging was investigated. Structural changes and the mechanism of order—disorder—
order transitions during collapse were followed for varying annealing conditions between

1000 and 1100 °C.
L. Wondraczek, G. Gao, D. Moencke, T. Selvam, A. Kuhnt, W. Schwieger, D. Palles and
E. 1. Kamitsos, J. Non-cryst. Solids 2013, 360, 36-40.-Reproduced by permission of

Elsevier B.V., 2013.

http://www.sciencedirect.com/science/article/pii/S0022309312005777

104



Journal of Non-Crystalline Solids 360 (2013) 36-40

journal homepage: www.elsevier.com/ locate/ jnoncrysaol

Journal of Non-Crystalline Solids

; ; ; ; ; =
Contents lists available at SciVerse ScienceDirect JOURNAL OF
NON-CRYSTALLINE SOLIDS

Thermal collapse of SAPO-34 molecular sieve towards a perfect glass

Lothar Wondraczek **, Guojun Gao *”, Doris Moncke *, Thangaraj Selvam €, Andreas Kuhnt €,
Wilhelm Schwieger €, Dimitrios Palles 9, Efstratios I. Kamitsos ¢

* Otto-Schott-Institute, University of Jena, 07743 Jena, Germany

b Department of Materials Science, University of Erlangen-Nuremberg, 91058 Erlangen, Germany
€ Department of Chemical and Bioengineering, University of Erlangen-Nuremberg, 91058 Erlangen, Germany
d Theorerical and Physical Chemistry Institute, National Hellenic Research Foundation, 11635 Athens, Greece

ARTICLE INFO ABSTRACT

Article history:

Received 22 August 2012

Received in revised form 2 October 2012
Available online 7 November 2012

Keywords:
Zeolite;
SAPO-34;
Collapse;
Recrystallization;
Thermal aging

melting.

Controlled collapse of a silicoaluminophosphate molecular sieve CHA-type SAPO-34 by thermal aging was
studied in a multi-method approach. Structural changes and the mechanism of order-disorder-order transi-
tions during collapse were followed for varying annealing conditions between 1000 and 1100 °C. Collapse of
SAPO-34 occurs via the formation of an intermediate amorphous state by the loss of long-range order but
preservation to a high degree of short-range order and macroscopic morphology. This intermediate amor-
phous state with low entropy may be classified as a “perfect glass”. Prolonged aging in the collapse regime
results in the precipitation of crystalline AIPO, while the SiO, species initially remain in an amorphous
phase. Further increasing the aging temperature leads to virtually complete recrystallization and, ultimately,

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Glasses represent a — compared to their hypothetic crystalline ref-
erence state — high-density amorphous (HDA) configurational state of
low affinity and high entropy. They are traditionally formed via a high
temperature route, ie., by freezing-in of a supercooled melt [1,2].
Crystalline zeolites with molecular or nanoscopic porosity, on the
other hand, can transform into a low-entropy and low-density amor-
phous (LDA) phase when exposed to either high pressures or high
temperatures [3-5]. This zeolite-LDA transition, the so-called zeolite
collapse, offers an alternative route for the preparation of a distinct
amorphous state, where the collapse of the crystalline network occurs
more rapidly than the formation of the HDA liquid.

The notion of a “perfect glass” was originally introduced by
Kauzmann [6]. It refers to a glass with zero configurational entropy
as obtained by infinitely slow cooling. As an alternative to slow
cooling, first-order phase transitions have been proposed to approach
this hypothetic state where the structure of the glass differs only
slightly from that of a crystalline reference [7]. The zeolite-LDA tran-
sition represents an example of the latter route, where a highly or-
dered glass can be obtained, provided that the LDA phase can be
isolated before recrystallization [8]. In principle, the corresponding
HDA reference phase can then be obtained by further heating to
beyond the liquidus temperature of the system, and subsequent

* Corresponding author at: Otto-Schott-Institute, University of Jena, 07743 Jena,
Germany. Tel.: +49-9131 852 7553.
E-mail address: lothar.wondraczek@uni-jena.de (L. Wondraczek).
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quenching to a conventional glass. While both glasses exhibit equiva-
lent chemical composition, they evolve from different crystalline ref-
erence states, i.e., the zeolite for the LDA and some hypothetic species
for the HDA material. If the sequence of transitions from zeolite to
LDA to dense crystal to HDA could be controlled, glassy matrices of
specific degrees of order could be fabricated, as an example for the in-
corporation of optically active dopant species in a controlled ligand
setting [9-11]. In practice, however, direct comparison of LDA and
HDA is typically complicated by the chemical composition of the
employed zeolite, which may experience significant evaporation
losses at elevated temperature and/or form highly fragile melts.

The molecular sieve SAPO-34 belongs to a family of synthetic
silicoaluminophosphate zeolites with an 8-ring pore opening with
chabazite, (Ca,K3,Naz)2[Al2Si4012]5-12H,0 (CHA) topology. Recently,
SAPO-34 has drawn much attention as an excellent catalyst support
for methanol-to-olefin (MTO) conversion due to its mild acidity and
small pore openings (~3.8 A in diameter) [12,13]. SAPO-type zeolites
are also characterized by medium to strong acidity [14] and high ther-
mal stability [15], both of which might be favorable for the incorpora-
tion of dopants in specific (low) redox states [16,17]. The thermal
stability of SAPO-34 was examined by Watanabe et al. [18]. In their
study, however, the authors focus entirely on the stable region
below 1100 °C, in which dehydration and rehydration are reversible.
They only hint at the structural changes which may occur at higher
temperatures, and do not consider amorphization. A recent attempt
by Leardini et al. to amorphize SAPO-34 by high pressure treatment
at up to 6.4 GPa failed [19]. In the present paper, we report on the
controlled collapse of the SAPO-34 framework structure by prolonged
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treatment at elevated temperatures. We give specific attention to the
isolation of the LDA phase and consider the conservation of the mac-
roscopic geometry of SAPO-34 particles as an evidence for bypassing
the liquid state.

2. Experimental

SAPO-34 was synthesized by a hydrothermal method using
morpholine (99%) as template according to the procedure reported
in literature [20]. Pseudoboehmite (77.9% Al,05), phosphoric acid (85%)
and silica sol (30.4% Si0,) were used as sources for Al, P and Si, respec-
tively. Morpholine (99%) was used as a template. The synthesis gel
was prepared by mixing phosphoric acid with 50% of the total water
amount and adding pseudoboehmite slowly under vigorous stirring.
The resulting mixture was stirred for 2 h until homogeneous. Silica sol,
morpholine and the rest of the water amount were mixed in a beaker
and added dropwise to the first mixture and stirred for another 3 h.
The resulting nominal composition of the synthesis gel was 1.0
Aly03:1.06 P,05:0.7 Si0,:2.5 morpholine:66.0 H,0. After stirring, the
final gel was transferred to a Teflon-lined autoclave, which was held at
a constant temperature of 190 °C for 24 h. The autoclave was then
removed from the oven, quenched with water and the product was
filtered and washed with distilled water. After drying at 80 °C overnight,
the obtained sample was calcined for 10 h at 550 “Cunder air flow to re-
move the template, To facilitate the collapse of the calcined SAPO-34, the
samples were heat treated at 1000 to 1100 °C for different time periods.
The elemental composition (Si, Al, P) of the calcined sample was deter-
mined using inductively coupled plasma optical emission spectroscopy
(ICP-0ES, Cirros CCD, Spectro). In this way, a composition of SAPO-34
of 1.0 Al,03-0.89 P,05-0.59 Si0, was found. The collapse process was
studied in situ by high-temperature powder X-ray diffraction (PXRD),
and also ex situ at room temperature by PXRD (Siemens Kristalloflex
D500, Bragg-Brentano, 30 kV/30 mA, Cu Ka) on the annealed sample.
Thermal properties were studied by differential scanning calorimetry
{DSC, Netzsch DSC 404 F1), thermogravimetric analysis and differential
thermal analysis (TGA/DTA, Netzsch Gerdtebau, Selb, Germany), all
employed at a heating rate of 10 K/min, The morphology of the samples
was examined by scanning electron microscopy (SEM, Quanta 200, FEI,
Prag, Czech Republic, operated at 20 kV). Infrared spectra were recorded
on a Fourier transform infrared spectrometer (FTIR, Equinox55, Bruker
Optics) equipped with a single reflection diamond attenuated total re-
flection (ATR) unit (DuraSamplIR 1I, SENSIR). The spectra were recorded
over the wavenumber range of 525-7000 cm~ ' with a resolution of
2 cm~ ! and averaged over 100 scans. The spectra were automatically
corrected for the frequency dependence of the penetration depth of
the probe beam. Raman spectra were recorded on a confocal micro-
Raman instrument (Renishaw) at an excitation wavelength of 488 nm
at room temperature over the spectral range of 100-2000 cm ™~ ' at
a resolution of 2 cm ™",

3. Results and discussion

In situ high-temperature PXRD was used to study directly the struc-
tural transformation induced by heat treatment (Fig. 1a). The PXRD pat-
tern of the as calcined sample corresponds to pure SAPO-34 with no
diffraction peaks associated with impurity phases. Characteristic dif-
fraction patterns of SAPO-34 (CHA framework) are recorded up to
1050 °C, which indicates that the microporous structure of SAPO-34 is
thermally stable up to this temperature (as a result of thermal expan-
sion, all diffraction peaks shift to higher 26 with increasing tempera-
ture) [18,21]. At 1050 °C and above, the intensity of all diffraction
peaks decreases significantly, what reflects the beginning collapse of
the crystalline structure of SAPO-34. A distinct change in the diffrac-
tion pattern occurs at 1100 °C. At this temperature, no diffraction
pattern associated with SAPO-34 can be detected anymore. Instead,
newly-evolving diffraction peaks at 26 ~20.48, ~21.62 and ~35.60°
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Fig. 1. (a) Temperature-dependent in situ and (b) time-dependent ex situ PXRD
patterns. Aging experiments shown in (b) were conducted at 1000 °C,

can be ascribed to the precipitation of crystalline AIPO4 and SiO,
(JCPDS card nos. 01-072-1161 and 00-001-0424, respectively). Due
to the structural similarity of both species, it is not possible to distin-
guish unambiguously between Si0; and AIPO,4 [22]. In a preliminary
conclusion, these results imply that the structural collapse of SAPO-34
occurs between 1050 and 1100 °C, which is consistent with the findings
of Watanabe et al. [18].

In order to more clearly assess the collapse process and to study
the corresponding structural changes of SAPO-34 at higher tempera-
tures, powdered samples were annealed at 1000, 1050 and 1075 °C
for different time periods (Figs. 1 and 2). The results of ex situ PXRD
of SAPO-34 annealed at 1000 °C for up to 72 h are shown in Fig. 1b.
For annealing below 3 h, SAPO-34 retains its zeolite structure, even
though peak intensities appear to weaken (which is indicative of
the beginning of the collapse). Annealing for more than 12 h results
in a significant decrease of crystallinity (right inset of Fig. 1b), what
reflects the fundamental collapse of SAPO-34 under these conditions.
In parallel, an amorphous hump at 26 ~21° grows-in as a clear sign for
the formation of an amorphous phase (left inset of Fig. 1b). Traces of
recrystallization can be detected for even longer annealing, i.e. ~36 h,
when a new diffraction peak was found to develop at 26 ~21.54°. As
noted before, the latter peak is associated with the occurrence of crys-
talline AIPO4 and SiO,. A similar observation can be made at higher
annealing temperatures, ie., at 1050 and 1075 °C, where, however,
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Fig. 2. Ex situ PXRD patterns of SAPO-34 after thermal aging at (a) 1050 °C and
(b) 1075 °C as a function of aging time.

the collapse of SAPO-34 occurs at progressively shorter annealing du-
rations (see Fig. 2a and b). The ex situ PXRD data lead to the second
conclusion that a new intermediate amorphous phase in which the
long-range order is lost results from the thermal collapse of
SAPO-34. We expect that for specific annealing conditions (time and
temperature), this new phase, assumedly LDA, can be isolated.
TGA/DTA were used to further examine the thermal stability of
SAPO-34 (Fig. 3). A first phase of weight-loss was found in the tem-
perature range of 20 to 250 °C, where about 20 wt.% of the sample
evaporates. This observation is due to the loss of molecular water
from within the pores of the SAPO-34 framework. A second
weight-loss regime is located within ~900 to 1065 °C. This coincides
with the temperature range where the zeolitic framework starts to
collapse. The DTA curve reveals a corresponding pattern: the very
strong endothermic peak at -~123 °C reflects the high water loss
around this temperature, whereas the sharp exothermic peak at
~1099 °C arises from the recrystallization of AIPO, and SiO, species.
Fig. 3b depicts the DSC curves of SAPO-34 samples after thermal
aging at 1075 °C for different time periods. During thermal aging at
this temperature, partial collapse and, assumedly, recrystallization
occur, what should reflect in a gradual decrease of the recrystallization
exotherm. The first endothermic peak at ~165 °C is again assigned to
the loss of molecular water. The intensity of the endothermic peak de-
creases with increasing annealing time as the sample becomes more
dehydrated. In agreement with the DTA results is the second
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Fig. 3. (a) TG/DTA traces of calcined SAPO-34. (b) DSC curves of SAPO-34 after thermal
aging at 1075 °C for different times.

exothermic peak, here found at ~1118 °C, assigned to the recrystalliza-
tion of AIPO, and Si0,. For annealing times exceeding 90 min, the exo-
thermic peak is found to split into two weaker peaks, implying
separation of two individual recrystallization events. We tentatively as-
sign these peaks to the distinct precipitation of AIPO, and Si0,. For
annealing times over 180 min, the peak intensity decreased to such
an extent that the two peaks cannot be distinguished anymore. This in-
dicates that the zeolite-LDA collapse and recrystallization have oc-
curred to a large extent already during thermal aging, and that only a
small amount of the amorphous phase remains. The apparent enthalpy
AH of the recrystallization process is taken as a measure of the progress
of collapse and recrystallization during aging, It is calculated by integra-
tion of the exothermic DSC signal at ~1100 °C (inset of Fig. 3b). Here, a
peak in AH is observed for an aging time of 90 min, for which a value of
~161 J/g is reached. For longer annealing times, AH decreases signifi-
cantly, ie. to ~56 J/g for 180 min of aging. Taking into account the
PXRD data (Figs. 1 and 2), we interpret this observation as follows: up
to an aging time of ~90 min at 1075 °C, the zeolite structure collapses
into the LDA phase with no notable recrystallization. During the DSC
scan, nucleation and recrystallization occur rapidly at relatively high
temperature, what reflects in a sharp and asymmetric exotherm and
lower apparent AH. For longer aging, partial recrystallization and nucle-
ation, respectively, occur already during the aging process so that the
crystallization peak shifts to lower temperature and the value of AH
decreases.

SEM was carried out to visualize the effect of aging on the mor-
phology of SAPO-34 (Fig. 4a-d). Calcined SAPO-34 exhibits the typical
CHA morphology of individual cubes with an edge length of about
5-20 pm. Within the considered experimental regime, this morphol-
ogy is retained completely throughout the complete aging process:
neither collapse nor recrystallization reflects in any visible morpho-
logical changes of the sample. This clearly shows that the zeolite-
LDA transition occurs without the formation of a liquid phase.
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ATR infrared and Raman spectroscopy were used to probe structural
changes of the silicate, phosphate and aluminate entities in SAPO-34
after annealing at 1050 °C for different time spans (Fig. 5). As shown
in the inset of Fig. 5a, the broad infrared envelope from ~2500 to
3700 cm ™! decreases progressively in intensity with annealing time.
Since this feature results from O-H stretching vibrations of molecular
water and hydroxyl (- OH) groups [23-26], the observed trend con-
firms the dehydration process during heat treatment as already
discussed for thermal analysis. The band at 1630 cm ™' observed in
both ATR and Raman spectra is due to the bending mode of molecular
water [25,26], and is found to exhibit the same trend with that of the
~2500 to 3700 cm™ ! envelope. The weak doublet centered at around
2355 cm™ ! in the inset of Fig. 5a can be ignored as it arises from the
uncompensated atmospheric CO,.

The IR spectra are dominated by a band envelope around
900-1300 cm™~ . With increasing aging time, the maximum of this
envelope shifts from 1020 cm ™! to 1100 cm ™! and the shape of the
envelope changes. Strong and broad infrared bands at ~1100 cm ™!
were measured for SAPO-34 materials and attributed to P-O
stretching vibrations in PO, tetrahedral units [27]. Also, this band
was reported to shift to higher frequencies upon increasing crystallin-
ity of the sample [27]. Along these lines, the trend exhibited by the
900-1300 cm ™! envelope in Fig. 4a is suggesting the gradual crystal-
lization of the structural entities involving PO, tetrahedral units in
SAPO-34.

Besides the high frequency envelope, the infrared spectra show
bands at ~625 cm™! and 710 cm~' which can be attributed to
stretching modes of octahedral and tetrahedral aluminate polyhedral
[23,24,28-31]. The ATR spectra show that increasing annealing time
causes the gradual disappearance of the 625 cm ™! band and its re-
placement by the band at 710 cm ™. This suggests the transformation
of aluminate entities from predominantly six-fold coordination, most
probably including the presence of hydroxyl-ligands, to a predomi-
nantly four-fold coordination. Such a coordination change for AI>*
was reported by Zhang et al. who used NMR spectroscopy to probe
the sol-gel processing of Al,0s-containing glasses [31].

Changes with heat treatment are more prominent in the Raman
spectra where the initial envelope at 1065 cm ™" upshifts with heat
treatment and peaks at 1125 cm~! after 12 h of treatment, with its
bandwidth decreasing progressively to Av ~43 cm™!. Raman bands
at about 1060 cm ™! were measured for alumino-phosphate glasses
and attributed to stretching vibrations of P—O-Al bonds [29]. We
note at this point the very high similarity of the Raman and infrared

20pm |1075 °C 180 mins ==— 20 pm

1075 °C 90 mins

Fig. 4. SEM micrographs of SAPO-34 after aging at 1075 °C for different times.
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Fig. 5. Normalized (a) ATR infrared and (b) Raman spectra of SAPO-34 after aging at
1050 °C for different times.

spectra of the SAPO-34 sample heat-treated for 12 h with the corre-
sponding spectra of the phosphotridymite polymorph of crystalline
AIPO, reported by Rokita et al. [22]. The vibrational characteristics
of phosphotridymite AIPO4 were described in terms of internal vibra-
tions of the PO3 ~ anion and pseudolattice AI** vibrations in tetrahe-
dral sites [22]. Therefore, the evolution of both infrared and Raman
spectra shows the development of the crystalline AIPO4 phase in the
12 h heat-treated SAPO-34 sample.

The SAPO-34 composition developed in this work (1.0 Al;053:0.89
P,05:0.59 Si0;) can be rewritten as 1.78 AlPO4:0.11 Al;05:0.59 SiO,.
Therefore, besides its main AIPO4 component there is a small excess
of Al,O3 and a considerable amount of SiO, incorporated into the
structure. However, the 12 h-treated SAPO-34 sample gives ATR and
Raman spectra which are dominated by the response of the AIPO4
phase (Fig. 5). The question then arises as to the presence of spectro-
scopic evidence for the SiO, phase. The stronger infrared band of silica
glass is measured at ~1100 cm~' [32], where the PO, tetrahedral
units exhibit also their strongest band. Due to this band overlapping,
it is difficult to extract information concerning the SiO, phase from
the infrared range measured by ATR. Nevertheless, relevant informa-
tion can be obtained from the 15 min Raman spectrum in Fig. 5b,
where the bands at ~590 and 480 cm~! and the shoulder at
~430 cm~ ! are reminiscent of an amorphous silica phase [32]. In par-
ticular, the 590 cm~! band (known as defect D2) has been related to
the symmetric ring breathing vibration of three-member rings of SiO4
tetrahedra [33]. Likewise, the band at 480 cm~! (defect D1) can be
related to the corresponding mode of four-member silicate rings,
and the shoulder at ~430 cm ™" to five-fold or six-fold silicate rings.
Along these lines, the band resolved at 360 cm™' may signify the
presence of even larger silicate rings in the SAPO-34 sample
calcinated at 1050 °C for 15 min. The remaining Raman feature of
this sample not considered so far is the band at ~940 cm~'. This
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can be attributed to the P- OH stretching vibration [23,25,31], while
the Si— OH stretching is measured at ~980 cm ™~ in the Raman spec-
tra of silica gels [32]. Increasing time of heat treatment leads to dehy-
dration, as this is manifested also by the disappearance of the
940 cm~ ' Raman band. This indicates the transformation of P-0OH
containing phosphate tetrahedral to PO~ anions which give eventu-
ally the crystalline AIPO, phase. The stronger Raman activity of PO3 ~
anions compared to that of the amorphous silicate phase, results in a
great reduction of the relative intensity of the silicate signatures in
the spectra of the SAPO-34 samples heat treated for 3 and 12 h. Nev-
ertheless, the presence of three-member rings of Si0, tetrahedra in
the 3 h treated sample is still obvious from the band at 606 cm™".
The absence of this band from the 12 h treated sample suggests the
destruction of three-member silicate rings upon prolonged calcina-
tions at 1050 °C.

It results from the above that infrared and Raman spectroscopy
provide evidence for the recrystallization of SAPO-34 to a new
AIPO, phase upon aging, while the silicate phase initially remains in
the amorphous state.

4. Conclusions

In conclusion, we first reported on the controlled collapse of the mo-
lecular sieve SAPO-34 by thermal aging. The zeolite structure of
SAPO-34 is thermally stable up to 1000 °C. Zeolite-LDA collapse occurs
in the temperature range of 1000 to 1100 °C followed by recrystalliza-
tion at higher temperature or prolonged aging. Thereby, the latter re-
sults in the initial precipitation of crystalline AIPO4 while SiO; species
retain their amorphous configuration. The macroscopic morphology is
retained throughout the whole process of amorphization and recrystal-
lization, indicating that no liquid phases are involved in the transforma-
tion process. For specific aging conditions, the LDA phase can be
isolated. ATR infrared and Raman results show that the coordination
change of Al-polyhedra is from predominantly six-fold with hydroxyl-
ligands to predominantly four-fold condensed tetrahedral. SiO,4 tetrahe-
dra are excluded from the AIPO, lattice with increase of annealing time,
and appear to form an amorphous silica phase with silicate rings of var-
ious sizes. Future work will focus on short- and intermediate-range
order structure of this new intermediate amorphous state.
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3. Summary

A glass ceramic route of reducing Eu’" to Eu®" has been demonstrated in two glass ceramic
systems. During the controlled nucleation and crystallization processes under air, Eu®" ions
are partially incorporated into the newly deposited crystalline phases, i.e.,
BaAl,Si,05/LaBOs and Li,ZnSi04, and are gradually reduced to Eu®". The reduction
process may be understood by a charge compensation model. The PL properties of Eu’*
and Eu’" are studied in detail. For the SABBL glass system, heat treatments at
temperatures > 850 °C result in the appearance of hexacelsian BaAl,Si,Og and monoclinic
LaBO;. Meanwhile, Eu’" species are incorporated on La®" sites in LaBOs, leading to the
strongly increased PL intensity and the prolonged lifetime of the excited state of Eu*":’Dy.
No Eu®’ species are observed in the as-melted glass. However, Eu’" ions are partially
incorporated on two Ba®" sites of different coordination in the hexacelsian phase and they
are reduced to Eu®" after crystallization. For the SLZAKP glass system, the precipitation of
crystalline Li,ZnSiO4 phase is controlled simply by thermal annealing of the as-melted
precursor glass. During this process, a significant amount of Eu’" ions is incorporated into
the crystalline phase and subsequently reduced to Eu?’. Dual-mode PL from both Eu-
species is demonstrated upon excitation at 361 nm. Depending on the employed annealing
temperature and, hence, the degree of crystallization, the resulting color of the PL can be
finely tuned from orange via red and violet to blue. Energy transfer from Eu*" to Eu’" is
observed.

Tunable dual-mode ["YMn*")/[""Mn®"] PL properties of Mn>" doped SLZAKP glasses
and Lis »x+y)Zn,Mn,SiOy4 glass ceramics are investigated. Mn>" is octahedrally coordinated
in the SLZAKP glassy matrix, giving rise to the orange to red emission of "'Mn*". During
the controlled crystallization process, Mn”" ions are partially incorporated into the Lis
2ty ZnxMny)S10y4  crystal phase on tetrahedral Zn*" sites, which provides the green
emission of ""Mn?*. The ratio of ""Mn*"/¥"Mn*" and thus the corresponding green/red PL
bands respectively can be adjusted simply by controlling the annealing temperature and the
degree of crystallization in the glass ceramics. The PL band of ""Mn**/"'"Mn*" covers a
very broad range from 480 to 800 nm with a FWHM of more than 110 nm. The overall
emission intensity of "Mn>*/""Mn*" increases with the degree of crystallization mainly due
to the multiple scattering.

Broadband whitish green PL of V> doped SLZAKP glasses and corresponding
nanocrystalline Li,ZnSiO4 glass ceramics with possible use as broadband UV-to-Vis

photoconverters is studied. The V" ion presents a broad whitish green PL band from 400
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to 700 nm centered at 550-590 nm with a FWHM of ~250 nm and with a lifetime of
~34 us due to the relaxation of =V-O to =V=0. While the position of the PL band
remains unaffected by dopant concentration (within the considered range), a notable blue-
shift occurs after crystallization. The optimal dopant concentration is found to be at
~0.5 mol% V;,0s. The broad PLE band covers the complete UV-B to UV-A spectral region.
After crystallization, the emission intensity of V°" shows a strong increase by a factor of
~10, which is attributed to the incorporation of V° species into the crystal phase.

Broadband NIR PL of Y'Ni** doped nanocrystalline Ba-Al titanate glass ceramics from
supercooled TBSA melts is demonstrated. Volume crystallization occurs sequentially in
BaTiO; and Ba-Al hollandite-type crystallites. The crystallite size is ~30 nm. The CN of
Ni*" is well controlled by the crystallization process. Ni*" ions are tetrahedrally
coordinated in the precursor glass and do not show any NIR PL band, whereas after
crystallization the Ni*"-species are incorporated into the crystalline environment in
octahedral coordination giving rise to a NIR band. The NIR PL of V'Ni*" covers a broad
spectral range of 1.0-1.6 um with a FWHM greater than 350 nm and a lifetime of ~60 ps
due to the spin-allowed relaxation of VINi2+:3T2g(3F) — 3Azg(3F). The optimal PL efficiency
of V'Ni*" is found for an absolute NiO concentration of 0.05-0.1 mol% and crystallization
at 800-850°C for 1-2 hrs. Interestingly, the NIR emission can be excited with
conventional NUV light sources. Under excitation at 352 nm, an nige of 65% is obtained
for the optimized sample. The stimulated emission cross-section 6., and figure of merit for
an optical gain medium oe* T at room temperature are calculated to be 8.2 x 102° cm” and
3.1 x 10** cm’s, respectively. Decay kinetics as well as position and shape of the emission
band can be adjusted via dopant concentration and synthesis conditions.

NIR down-conversion based on Pr’’/Yb*" and Mn*"/Yb®" pairs is investigated. For
Pr’*/Yb*" pair, down-conversion of one blue photon to two NIR photons (~10,000 cm™) is
obtained from Pr’’/Yb®" co-doped SLABS glasses and corresponding LaBO; glass
ceramics. Pr’” ions act as sensitizers by absorbing 415-505 nm photons and transferring
the absorbed energy to Yb*™ ions in a cooperative down-conversion process, resulting in
NIR emission of Yb*" at ~1000 nm. The energy transfer occurs through both Pr**:*Py and
Pr’":'D; levels to Yb*", which is evidenced by the decrease of Pr’” PL in intensity and the
lifetime of both Pr’":*Py and Pr’":'D, levels with increasing Yb>" doping concentration,
along with the observation of typical Pr’” PLE bands by monitoring PL of Yb*" at 976 nm.
The energy transfer from Pr*":’P; level to Yb*" is a down-conversion process of one visible
photon into two NIR photons, whereas that from Pr’":'D, level to Yb*" is a down-shifting

process. The efficiency of the former is higher than that of the latter. The highest total
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theoretical quantum efficiency is ~183%, if only the down-conversion energy transfer
process from Pr’":*Pyto Yb*" is considered. The optimum doping concentration of Yb,0s
for down-conversion is ~0.5 mol%. Crystallization of the as-melt SLABS glass sample
leads to the formation of a main crystal phase LaBO; and a minor crystal phase SrAl,B,0O;.
Both Pr’* and Yb*" ions occupy the La’" ion sites in the LaBO; crystal phase after
crystallization, resulting in improved PL properties.

NIR down-conversion of Mn>"/Yb** pair in crystalline Znj 96 G€Ou4y1/2::Mng o4 YD, is
demonstrated. In the Zn,GeOy lattice, Mn>" ions partition on Zn*" sites in the form of
tetrahedral MnOy groups, give rise to the typical green PL band of "YMn*". The absorption
of Zn,GeO,4 and Mn”>" covers a very broad spectral range of 250-500 nm, which is
responsible for the broadband sensitization of Yb*". Energy transfer occurs either from
defect levels of Zn,GeOy4 to two neighboring Yb**:*Fs; centers via ""Mn*":°A,(°S) or
through intrinsic excitation of "YMn?":°A(°S). The occurrence of this energy transfer
process is evidenced by reduced green PL intensity from '"Mn*", corresponding reduced
PL lifetime and reduced ngqe with increasing Yb* concentration, and identical PLE
spectra when monitoring PL from ""Mn®>" and NIR PL from Yb®". The transfer process
results in the cooperative down-conversion of one visible photon into two NIR photons.
The estimated maximum njqe and total theoretical quantum efficiency are ~64 and 164%,

respectively.
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4. Zusammenfassung

Fiir zwei Glaskeramiksysteme wird eine Prozessroute zur Reduzierung von Eu’" zu Eu**
aufgezeigt. Unter kontrollierten Keimbildungs- und Kristallisationsschritten an Luft
werden Eu’"-lonen teilweise in die abgeschiedene kristalline Phase, BaAl,Si,05/L.aBOs
und Li,ZnSiO;, eingebaut und nach und nach auf Grund der Ladungskompensation zu Eu**
reduziert. Die Reduktion kann nach einem Ladungsausgleichsmodell verstanden werden.
Die Photolumineszenzeigenschaften von Eu’® und Eu*" werden im Detail untersucht.
Wirmebehandlung eines SABBL-Glassystems bei iiber 850 °C fiihrt zur Bildung von
BaAl,Si;,0g und monoklinen LaBOs. Gleichzeitig werden Eu’"-lonen an La**-Plitzen in
LaBOs eingebaut. Dies fiihrt zu einer stark erhdhten Photolumineszenzintensitit und
verlingerter Lebensdauer der angeregten “Dy-Zustinde von Eu’*-Ionen. Im Ursprungsglas
konnten keine Eu”"-Ionen gefunden werden. Eu’"-Ionen werden dagegen teilweise an zwei
Ba”*-Plitzen unterschiedlicher Koordinierung in der Hexacelsianphase eingebaut und zu
Eu®’ reduziert. Bei einem SLZKAP-Glassystem wird die Ausscheidung von Li,ZnSiO4
tiber thermisches Anlassen des erschmolzenen Ausgangsglases an Luft kontrolliert. Bei
diesem Vorgang wird eine betrichtliche Menge an Eu’"-Ionen in die kristalline Phase
eingebaut und anschlieBend zu Eu®* reduziert. Dual-mode Photolumineszenz, angeregt bei
361 nm, wird fiir beide Redoxzustdnde nachgewiesen. Die Farbe der Lumineszenz kann
abhingig von der Anlasstemperatur durch den Grad der Kristallisation in kleinen Schritten
von orange bis blau iiber rot und violett eingestellt werden. Energielibergangsprozesse von
Eu®" zu Eu®" werden beobachtet.

Ferner werden einstellbare dual-mode ["YMn*'}/[V'Mn*'] Photolumineszenzeigenschaften
von Mn”" dotierten SLZAKP-Glisern und Ligo(x+y)ZnyMnySiO4-Glaskeramiken vorgestellt.
Im SLZAKP-Glas sind die Mn®"-Tonen oktaedrisch angeordnet, was zu einer orangenen bis
roten Emission von ""Mn*" fiihrt. Mn*" wird wihrend der kontrollierten Kristallisation
teilweise in die Lig.o(xy)Zn,MnySiO4-Kristallphase an Zn*'-Tetraederplitzen eingebaut, die
eine griine Emission von ""Mn”" aufweisen. Das Verhiltnis von ""Mn*" zu Y"Mn*" und
damit die entsprechenden griinen und roten Photolumineszenzbidnder koénnen iiber die
Anlasstemperatur und dem Grad der Kristallisation der Glaskeramiken eingestellt werden.
Das Photolumineszenzband von ""Mn**/""Mn®" deckt den weiten Bereich von 480 nm
bis 800 nm ab und besitzt eine Halbwertsbreite von mehr als 110 nm. Die
Emissionsintensitit von '"Mn>"/""Mn®" erhoht sich mit dem Grad der Kristallisation

hauptsdchlich wegen mehrfacher Streuprozesse.
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Breitbandige, weillich griine Photolumineszenz von V°'-dotierten Zink-Silikat-Glisern
und den zugehorigen nanokristallinen Li,ZnSiO4-Glaskeramiken wird untersucht. Eine
mogliche Anwendung sind Breitband UV-zu-Vis-Photokonverter. Das V>*-Ion besitzt eine
breite, weilllich griine Photolumineszenz von 400 nm bis 700 nm, mit einem Maximum
zwischen 550 nm und 590 nm bei einer Halbwertsbreite von rund 250 nm und einer
Lebensdauer von 34 us, die durch die Relaxation von =V-O  zu =V=0 bedingt ist.
Innerhalb des  betrachteten = Konzentrationsbereichs ist die  Position des
Photolumineszenzbandes unabhingig von der Dotandenkonzentration, eine merkliche
Blauverschiebung findet jedoch nach der Kristallisation statt. Die optimale
Dotandenkonzentration wird bei rund 0,5mol% V,0s5 ermittelt. Der breite
Photolumineszenzanregung deckt den ganzen UV-B bis UV-A Bereich des Spektrums ab.
Nach der Kristallisation erhdht sich die Emissionsintensitit der V>*-Ionen um den Faktor
zehn, was auf den Einbau von V> -Ionen in die Kristallphase zuriickzufiihren ist.

Fir Y'Ni*" dotierte nanokristalline Ba-Al-Titanat-Glaskeramiken, hergestellt aus
unterkiihlten TBSA-Schmelzen, wird eine Breitband NIR-Photolumineszenz gezeigt. In
BaTiO; und Ba-Al-hollanditartigen Kristalliten tritt eine Volumenkristallisation auf. Die
KristallitgroBe betrdgt rund 30 nm. Die Koordinationszahl von Ni** wird durch den
Kristallisationsprozess gut kontrolliert. Im Ausgangsglas sind Ni*"-Ionen tetraedrisch
koordiniert und zeigen kein NIR-Photolumineszenzband. Dagegen sind Ni*"-Ionen (nach
der Kristallisation) in kristalliner Umgebung oktaedrisch angeordnet, folglich besitzen
diese ein NIR-Band. Die NIR-Photolumineszenz von "'Ni*" deckt einen breiten spektralen
Bereich von 1,0 pm bis 1,6 um ab. Die Halbwertsbreite ist groBer als 350 nm. Die
Lumineszenzlebensdauer  betrdgt wegen der spin-erlaubten Relaxation von
VING?*? ng(3F) zu’ Agg(3F) rund 60 ps. Die optimale Effizienz der Lumineszenz von VNG
liegt bei einer absoluten NiO-Konzentration von 0,05-0,1 mol% und einer Kristallisation
bei 800—850 °C fiir ein bis zwei Stunden. Erstaunlicherweise kann die NIR-Emission mit
einer konventionellen NUV-Lichtquelle angeregt werden. Bei einer Anregung von 352 nm
wird eine interne Quanteneffizienz von 65% fiir die optimierte Probe erreicht. Der
angeregte Emissionsquerschnitt 6. und die Giitezahl eines optischen Verstirkermediums
oem™T bei Raumtemperatur werden zu 8,2 X 102 ¢m® und 3,1 x 10** ¢cm®s berechnet.
Sowohl die Abklingkinetik als auch die Position und Form des Emissionsbandes kénnen
iber die Dotandenkonzentration und Synthesebedingungen eingestellt werden.

Es wird des Weiteren iiber einen NIR-down-conversion Prozess berichtet, die auf
Pr’’/Yb*- und Mn®"/Yb**-Paaren beruht. Fir Pr’’/Yb’-Paare in Pr’*/Yb’'-dotierten

SLABS-Gldsern und entsprechenden LaBOs;-Glaskeramiken erhédlt man eine down-
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conversion von einem blauen Photon zu zwei NIR-Photonen (rund 10.000 cm ). Pr’'-
Ionen agieren als ,,Sensibilisatoren®, da sie Photonen im Bereich 415-505 nm absorbieren
und die absorbierte Energie Yb*-Ionen in einem mitwirkenden down-conversion Prozess
iibergeben, der in einer NIR-Emission des Yb’™ bei rund 1000 nm resultiert. Der
Energieiibergang findet zwischen Pr’":’Py und Pr’":'D,-Niveaus zu Yb’" statt, was durch
die Abnahme aller Pr’*-Photolumineszenzbinder gezeigt wird. Die Lebensdauer beider
pr’ +:3P0 und Pr3+:1D2—Niveaus nimmt mit zunehmender Yb’"-Dotandenkonzentration ab,
was die typischen Pr’*-Binder zeigen, die durch Photolumineszenz von Yb>* bei 976 nm
beobachtet werden. Der Energiciibergang von dem Pr’":>Py-Niveau zu Yb>" ist ein down-
conversion Prozess eines sichtbaren Photons in zwei NIR-Photonen. Dagegen ist der
Energieiibergang vom Pr’":'D, Niveau zum Yb’" ein down-shifting-Prozess. Der
Energielibergang des ersten Vorgangs ist effizienter als der letztgenannte. Die hdchste
theoretische Quanteneffizienz wird zu rund 183% berechnet, wenn nur der down-
conversion-Energietransfer von Pr’’:’Py zu Yb®" beriicksichtigt wird. Die optimale
Dotandenkonzentration von Yb,Os fiir einen down-conversion Prozess liegt bei ca.
0,5 mol%. Eine Kristallisation der erschmolzenen SLABS-Glasproben fiihrt vorwiegend
zur Bildung von LaBOs-Kristallphasen. Daneben bilden sich noch SrAlB,Os-
Kristallphasen. Sowohl Pr**-Ionen als auch Yb**-Ionen nehmen Plitze der La®**-Ionen in
den LaBOs-Kristallphasen ein, was Zu einer Verbesserung der
Photolumineszenzeigenschaften fiihrt.
Zum ersten Mal wird eine NIR-down-conversion von Mn?/Yb**-Paaren in kristallinem
711 96 xGeO4t1/2::Mng 04 Yb, gezeigt. Im Zn,GeO4-Gitter nehmen Mn?*-lonen Zn?*-Plitze in
Form von tetraedrischen MnO4-Gruppen ein. Dies fiithrt zu einem typischen griinen
Photolumineszenzband von YMn?". Die Absorption von Zn,GeO4 und Mn?" deckt einen
breiten Spektralbereich zwischen 250 und 500 nm ab, was fiir die Sensibilitit von Yb*"
verantwortlich ist. Ein Energietlibergang kann entweder durch Defektniveaus von Zn,GeOy4
zu zwel benachbarten Yb3+:2F5/2-Zentren uber IVMn2+:6A1(6S) oder durch die intrinsische
Anregung von '"Mn*":°A;(°S) vonstattengehen. Das Auftreten dieses Energieiibergangs
wird nachgewiesen durch:

- Verkiirzte Lebensdauer der griinen Photolumineszenz von " Mn*"

- reduzierter externer Quanteneffizienz bei zunehmender Yb** Konzentration

- identisches Photolumineszenz-Anregungsspektrum bei der Photolumineszenz von

YMn*" und NIR-Photolumineszenz von Yb*".
Der Ubergang fiihrt zu dem kooperativen down-conversion Prozess eines sichtbaren

Photons in zwei NIR-Photonen. Die abgeschitzte maximale Effizienz des
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Energielibergangs betrdgt rund 64%, die gesamte theoretische Quanteneffiezienz etwa

164%.
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