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a b s t r a c t

We report on Tb3þ as efficient sensitizer for red photoemission from Mn2þ-centers in ZnO–B2O3–

Al2O3–Si2O–Na2O–SrO glasses and corresponding gahnite glass ceramics. In comparison to singly or

co-doped glasses, the glass ceramics exhibit significantly increased emission intensity. Structural

considerations, ESR, and dynamic luminescence spectroscopy indicate partial incorporation of Mn2þ as

well as Tb3þ into the crystalline phase, the former on octahedral Zn2þ-sites. Interionic distance and

charge transfer probability between both species depend on crystallization conditions. This enables

control of the energy transfer process and, hence, tunability of the color of photoemission by

simultaneous emission from Tb3þ and Mn2þ centers. Concentration quenching in Mn2þ-singly doped

materials was found at a critical dopant concentration of about 1.0 mol%. The energy transfer process

was studied in detail by dynamic as well as static luminescence spectroscopy. Spectroscopic results

suggest the application of the studied materials as single or dual-mode emitting phosphor for

luminescent lighting.

& 2011 Elsevier Inc. All rights reserved.
1. Introduction

Zinc aluminate (ZnAl2O4) is a wide-band gap semiconductor
(Eg¼3.8 eV), which occurs naturally as the mineral gahnite and is
a member of the spinel family. Spinels represent an important
class of chemically and thermally stable crystalline materials. The
interaction between ZnO and Al2O3 to form ZnAl2O4 spinel (cubic,
space group Fd3m, a¼8.088 Å) follows diffusion of Zn and O and
an effective unilateral transfer of ZnO [1] as shown in Fig. 1. Of the
contributing cations, Zn2þ is tetrahedrally coordinated and Al3þ

occupies octahedral sites [2]. Occupation (or substitution) of these
two sites is decided by various factors, such as ionic size, cationic
charge, electron distribution and electronic state [3], and gahnite
and other spinels provide a suitable host lattice for various dopant
species, e.g., luminescence properties of rare-earth doped zinc
spinels have been reported recently [4–6]. By precipitating gahnite
crystals from a transition metal (TM) or rare earth (RE) doped glass
melt and partitioning the dopant species into the crystal phase, their
optical activity can typically be enhanced significantly [7–18].

The ground state of the Mn2þ ion is 6A1g (spherically
non-degenerated, octahedral symmetry). As all of the excited
states are quartets or doublets, the optical absorption spectra of
Mn2þ ions exhibit only spin forbidden transitions [19]. Excitation
ll rights reserved.
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bands lie in the UV–Vis spectral region, and photoluminescence
typically results from the 4T1g(G)-6A1g(S) transition [20]. This
transition becomes partially allowed as a result of spin–orbit
interactions. Typically, d–d transitions are strongly dependent on
the field strength of the surrounding ligands because the d-shell is
only weakly shielded from its environment. In Mn2þ , its spectral
position can vary from green to deep red color, depending on
coordination and ligand field strength. Usually, tetrahedral coor-
dination (IVMn2þ , weak crystal field) results in green emission
whereas octahedral coordination (VIMn2þ , stronger crystal field)
results in orange to red emission [19]. Over decades, this property
has made Mn2þ-doped materials one of the most important
types of phosphors in lighting and display applications [21]. On
the other hand, Tb3þ exhibits a relatively simple energy level
structure with the ground state 7F6, and several other low-
lying excited states (i.e., 5D4, 3, 2, 1, 5L10, 5G6, 5L9, etc.). Typically,
Tb3þ-doped materials show intense photoluminescence in the
green spectral region [22]. In a co-doped material, energy transfer
from one ion (sensitizer) to another ion (activator) may occur, in
principle, in whole or partly by non-radiative and/or radiative
processes [23–25]. Such energy transfer processes have recently
received significant attention, involving ion pairs such as
Eu2þ/Mn2þ [26,27], Sm3þ/Tb3þ [28], Ce3þ/Tb3þ [29], Tb3þ/Eu3þ

[30], and Ce3þ/Eu2þ [31,32]. Due to the forbidden 4T1-
6A1 transi-

tion of Mn2þ , the fluorescence intensity of Mn2þ singly doped
materials is low under UV excitation. An efficient sensitizer would
significantly enhance red photoemission from Mn2þ also under UV
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Fig. 1. Crystal structure of ZnAl2O4.

Table 1
Nominal composition of examined glasses/glass ceramics.

0B2O3–10SiO2–10Al2O3–30ZnO–10Na2O–(10�x�y)SrO–xMnO–yTb2O3(mol%)

Sample code x y

a 0.05

b 0.1

c 0.25

d 0.5

e 1.0

f 0.025

g 0.05 0.025

h 0.1 0.025

i 0.25 0.025

j 0.5 0.025

k 1.0 0.025

Table 2
Basic physical properties of 0.05 mol% Mn2þ doped glass.

Parameters Data

Density (g/cm3) 3.142

Specimen thickness 0.3

Refractive index, nD (589.3 nm) 1.455

Molar volume, Vm (cm3/mol) 24.867

Molar refractivity, Rm (cm�3) 6.747

Molar polarizability, am (Å3)(10�24) 2.676

Reflection losses, R (%) 3.435

Manganese ion concentration, N (1022 ions/cm3) 2.422

Polaron radius, rp (Å) 1.393

Interionic distance, ri (Å) 3.457

Glass transition temperature (Tg) (oC) 535

Crystallization onset temperature (Tx) (oC) 625

Maximum crystallization temperature (Tc) (oC) 820
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excitation. Regarding electronic structure, Tb3þ represents a suitable
sensitizer for photoemission from Mn2þ , and has therefore been
considered for this purpose on several occasions [25]. The present
report therefore focuses on the detailed investigation of lumines-
cence properties and color tunability of Tb3þ/Mn2þ-codoped zinc–
boroaluminosilicate glasses and corresponding glass ceramics.
2. Experimental

Glasses of nominal composition (mol%) 30B2O3–10SiO2–
10Al2O3–30ZnO–10Na2O–(10�x–y)SrO–xMnO–yTb2O3 (ZABS) were
prepared from reagent grade B2O3, ZnO, SiO2, Al2O3, Na2CO3, SrCO3,
MnCO3, and Tb4O7 (x¼0, 0.05, 0.1, 0.25, 0.5, and 1.0; y¼0 and
0.025). Sample nomenclature is given in Table 1. Powder batches of
20 g were mixed thoroughly in an agate mortar before melting in
alumina crucibles at 1460 1C for 1 h in air and quenched on a cold
steel plate by immediately pressing with another steel plate.
Obtained glass disks were 2–3 cm in diameter and had a thickness
of about 0.2 cm. To release internal stresses, they were annealed at
525 1C for 3 h. Glass ceramics were prepared by heat-treatment of
polished (SiC/water) specimens on alumina substrates at tempera-
tures of 750 and 800 1C, each for 3 h in air. Subsequently, samples
were cooled to room temperature at �2 K/min. The density of the
precursor glass was determined by the Archimedes method using
distilled water as immersion liquid. An Abbe refractometer was used
to measure the refractive index nD (589.3 nm). Structural analysis
was carried out by X-ray diffractometry (XRD, Siemens Kristalloflex
D500, Bragg-Brentano, 30 kV/30 mA, CuKa), and infrared (IR)
absorption spectroscopy (FTIR, Pekin-Elmer 1600) in the wave
number range 400–4000 cm�1 with a resolution of 4 cm�1. Electron
spin resonance spectra (ESR) were recorded on an X-band micro-
wave spectrometer at a frequency of 9.7 GHz (Bruker ESR 300E).
Differential scanning calorimetry (DSC, Netzsch DSC 404 F1) was
carried out to obtain glass transition (Tg) and crystallization
onset temperatures (Tc). Absorption spectra were measured on a
double-beam, double-monochromator, ratio recording UV–vis/NIR
spectrophotometer (Perkin Elmer Inc., Massachusetts). Photolu-
minescence (excitation and emission spectra) and fluorescence
decay kinetics were studied with a spectrofluorometer equipped
with double monochromators (Czerny–Turner) in excitation and
emission (Fluorolog-3, Horiba Jobin Yvon, spectral resolution
of �0.1 nm), using a 400 W Xe-lamp for static and a 75 W
Xe-flashlamp, respectively, as excitation sources. All the measure-
ments were performed at room temperature.
3. Results and discussion

3.1. General

Basic physical properties of the as-made ZABS glass are listed in
Table 2. ESR analyses of specimens with differing manganese dopant
concentration reveal a pronounced hyperfine sextet structure,
located at field strength of about 3400 G (gE2, Fig. 2). This is a
typical indicator of the presence of paramagnetic ([Ar] 3d5) Mn2þ

centers in octahedral coordination (e.g., [33]). The ground state of
Mn2þ , 6S, is unique among dn configurations in which there is only
one state with maximum spin multiplicity (6S5/2). The sextet hyper-
fine structure (hfs) is due to the interaction of the electron spin of
Mn2þ with its own nuclear spin I¼5/2 [34]. Since the total spin is
5/2, the ion exhibits zero field splitting, sensitive to the local
environment. Undoped glasses or Tb3þ-singly doped glasses did
not exhibit EPR activity in the considered range of field strengths,
and also Tb3þ-co-doping did not have any detectable impact on
the observed spectra at the employed measuring conditions. As the
concentration of Mn2þ concentration increases up to 1.0 mol%,
the intensity of the resonance signal gradually decreases due to
concentration quenching by increasing interaction between neigh-
boring Mn2þ centers [35]. As will be discussed later, this is
confirmed by a red-shift of the related photoluminescence band.
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Fig. 2. ESR spectra of Mn2þ singly doped ZABS glasses.

Fig. 3. XRD pattern of ZABS: 0.05 mol% Mn2þ for various heat treatment

temperatures.
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As-made glasses appeared visually transparent and colorless for a
manganese concentration of less than 1 mol%. The sample with
1 mol% manganese (expressed as Mn2þ) exhibited a pale violet tint,
originating from a broad absorption band at �480 nm. This band can
readily be attributed to the presence of traces of Mn3þ , caused by
incomplete reduction. Colouration results from [Ar]3d4, 5E-5T2,
which exhibits a very high absorption cross section and, hence, is
visible even when only a small fraction of all Mn2þ species are
oxidized to Mn3þ . Addition of larger amounts of Tb4O7 appeared
to slightly increase the amount of Mn3þ , probably as a result of
Tb4þ-reduction.

While as-made glasses are visually transparent, upon annealing
and depending on heat treatment temperature and dwell time,
they turn increasingly opalescent (see also [36]). This is a qualita-
tive indicator for the precipitation of a secondary phase with a
precipitate size of 4l/4 (where l is the observation wavelength).
Yellowish color in transmission indicates scattering in the blue
spectral range and, hence, a crystallite size of 50–100 nm. Fig. 3
presents corresponding XRD patterns (exemplarily for glass
0.05 mol% Mn2þ singly doped glass) for various annealing states.
While the as-made glass remains fully amorphous (no apparent
diffraction peaks) for heat-treatment at up to 700 1C, heat treat-
ment at 750–800 1C resulted in the appearance of sharp diffraction
peaks. These can readily be assigned to cubic ZnAl2O4 (gahnite,
JCPDS card no. 00-5-669) [37]. Noteworthy, no secondary crystal-
line species (such as, e.g., Zn2SiO4 or Zn3B2O6) could be detected
in the heat-treated samples. The average crystallite size was
estimated from the FWHM of the diffraction peaks using the
Scherrer equation:

Dhkl ¼ kl=½bð2yÞcosy�,

where b(2y) is the width of the pure diffraction profile in radians,
k is the constant (0.89), l is the wavelength of the employed
X-rays (0.15418 nm), y is the diffraction angle, and Dh k l is the
average crystallite size along the (h k l) direction [38]. The
diffraction peak around 2y–36.9 corresponding to the (3 1 1)
plane was used to calculate the average crystallite sizes at various
temperatures. The obtained value lies at about 50–52 nm for glass
heat-treated at 750 and 800 1C. In a first consideration Mn2þ

(ionic radius in octahedral coordination of 0.80 Å) is supposed to
replace Zn2þ on octahedral network sites of the gahnite phase
(ionic radius of 0.74 Å).

3.2. Photoluminescence of singly doped precursor glasses

In the first step, spectral luminescence properties of singly
Mn2þ and Tb3þ-doped materials are considered in order to
establish the basis for the interpretation of the energy transfer
processes:

3.2.1. Mn2þ-doping

Photo-excitation and -emission schemes of Mn2þ-singly
doped ZABS are summarized in Fig. 4.

Monitoring photoemission at 627 nm, excitation bands are
found at 350–357.5, 361–374, and 414 nm (Fig. 4A). These are
attributed to 6A1(S)-4E(D), 6A1(S)-4T2(D), and 6A1(S)-4A1(G),
4E(G) in Mn2þ , respectively [25,27,33]. Photoemission is domi-
nated by rather broad bands (Fig. 4B and C). When excited with UV
light, aside from the dominant red emission, two minor emission
bands are observed at 413 and 435 nm (Fig. 4B). These are assigned
to the transitions 4A1(G),4E(G)-6A1(S), and 4T2(G)-6A1(S), respec-
tively. The occurrence of red photoemission is the typical result of
spin forbidden 4T1(G)-6A1(S) transition in octahedrally coordi-
nated Mn2þ ions [33]. Emission intensity increases with increasing
dopant concentration and reaches a maximum at 0.5 mol% of
Mn2þ . Concentration quenching is observed when the Mn2þ

concentration reaches 1.0 mol%. The red shift of the dominant
emission peak reflects a change in ligand field strength as a result
of concentration-dependent exchange interactions between neigh-
boring Mn2þ ions [39–41]. Transformation of the as-melted glass
into a glass ceramic results in distinct changes of the emission
behavior. Firstly, for equivalent dopant concentration, the observed
absolute emission intensity is several times higher. In a first
consideration, this can be attributed to multiple scattering of
the incoming light (e.g., [33]). Secondly, a light red-shift occurs in
the static emission spectrum. Most important, however, are the
changes that occur in decay behavior and emission lifetimes (here,
the fluorescence lifetime is defined as the time required for the
fluorescence intensity to decay down to 1/e of its initial value). In
as-melted glasses, decay follows a single exponential equation
with a lifetime of 5.60 ms, indicating that only one single type of
Mn2þ centers is present. After crystallization, an increase occurs
in emission lifetime (i.e., to 6.54 ms for 0.5 mol% Mn2þ after
3 h/800 1C) and decay deviates from single exponential behavior.
Spectral decay analyses (Fig. 5) reveal that with increasing delay
time, the emission peak shifts from 609 to 617 nm, whereby the
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617 nm peak becomes dominant for a delay of 4 ms or longer.
In particular the latter two observations may be taken as an
evidence for the incorporation of Mn2þ ions into the nanocrystal-
line gahnite phase.
3.2.2. Tb3þ doping

Fig. 6 presents the excitation and emission spectra of Tb3þ

singly doped ZABS. Excitation peaks associated with transitions
from the 7F6(4f8) ground state of Tb3þ to higher lying levels
of 4f75d1 (254–284 nm, dipolar electric parity allowed f–d transi-
tions) and 4f8 (300–377 nm) configurations [42,43]. Maximum
excitation intensity occurs at 377 nm (Fig. 6A). Emission spectra
of Tb3þ doped ZBAS were recorded by exciting the sample at
377 nm (7F6-

5G6) and 350 nm (7F6-
5L9) (Fig. 6B). After excita-

tion to any level above 5D3, non-radiative decay occurs to this
emitting level. In the present case, each spectrum can be divided
into two parts. Blue emission between 400 and 470 nm is due to
transitions from the 5D3 excited state. Above 475 nm, emission
peaks originate from 5D4. The 5D3-

7FJ(J¼5, 4, 3) emissions at 413,
436, and 457 nm and 5D4-

7FJ(J¼6, 5, 4, 3) emissions at 488, 542,
586, and 621 nm are identified from the collected emission
spectra. Here, the green band of 5D4-

7F5 at 542 nm is the most
intense. The energy gap below the 5D4 level is �14,600 cm�1, one
of the largest gaps in the energy level schemes of the RE3þ series.
It results in intense visible emission due to low non-radiative
losses. The parallel observation of emission from the 5D3 level is
due to slow non-radiative relaxation of 5D3 to 5D4. This transition
is promoted by excitation of 7F6 to 7F0 via cross-relaxation (CR).
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CR is induced by resonance of the excited states and the ground
states of two Tb3þ ions as stated below [44–46]:

5D3-
5D4)

7F6-
7F0 and/or

5D3-
7F0)

7F6-
5D4 (1)

However, here, the probability of CR, which is inversely propor-
tional to the sixth power of the interionic distance between dopant
species, is low due to relatively low dopant concentration [47]. For a
dopant concentration of 0.025 mol%, luminescence decay followed a
single-exponential behavior and lifetimes of 1.94–2.21 ms were
obtained for the four transitions of 5D4-

7F6, 5, 4, 3. Decay curves
of the 5D3-

7F5, 4, 3 emission bands could not be measured due to
their relatively low intensity.

Also for Tb3þ-doped ZABS, crystallization results in changes of
the luminescence properties (Fig. 7). Generally, all crystallized
samples exhibit significantly higher emission intensity, whereby
maximum intensity of all emission peaks is found for the sample
heat-treated at 800 1C/3 h. With crystallization, peak positions
remain similar to those of the corresponding precursor glasses.
For 377 nm as well as 350 nm excitation, all emission peaks
appear increasingly Stark-split. Peaks originating from 5D3

become significantly sharper (Fig. 7A). This indicates partitioning
of Tb3þ into the crystalline phase, which reduces quenching of
the upper lying 5D3 level. Compared with the precursor glass,
lifetime of all analyzed transitions is somewhat higher in the glass
ceramic. For the intense green emission band, a value of 2.360 ms
was found, but still appears to follow single exponential decay
(noteworthy, the lifetime difference between glass and glass
ceramic is too small to resolve distinct emission centers, if
present). Time resolved emission spectra (Fig. 7B) reveal the absence
of the three blue emission bands related to 5D3-

7F, 5, 4, 3 for a delay
ofZ1 ms. As noted before, the high relative intensity of the 5D4

radiative relaxation results from non-radiative decay of 5D3 to 5D4

and energy transfer between Tb3þ ions as follows [48]:

Tb3þ(5D3)þTb3þ(7F6)-Tb3þ(5D4)þTb3þ(7F2,1,0)

It is assumed that multi-phonon assisted non-radiative relaxa-
tion due to the low energy gap between 5D3 and 5D4 is the main
mechanism for all the observed visible emission bands. As noted
before, CR (5D3-

5D4¼
7F6-

7F0) may be neglected due to relatively
low dopant concentration.
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as-melted ZABS glass and corresponding glass ceramic.
3.3. Tb3þ /Mn2þ co-doped glasses

As a result of energy transfer from Tb3þ to Mn2þ , excitation of
the dominant red emission peak of Mn2þ (645 nm) in Tb3þ/Mn2þ

co-doped ZABS occurs over broad bands ranging from 330–380 nm
and 400–450 nm (Fig. 8). In the spectral range of 330–380 nm,
singly Tb3þ-doped ZABS exhibits only a weak excitation band.
The excitation peak at 350 nm (Tb3þ: 7F6-

5L9) overlaps with the
6A1(S)-4E(D) transition of Mn2þ . Consequently, the intensity of the
corresponding excitation band in Tb3þ/Mn2þ-co-doped ZABS is
relatively higher than in either Mn2þ or Tb3þ singly doped glasses.
Hence, the increase in photoemission from Mn2þ centers at 645 nm
is related to energy absorption by Tb3þ . Additionally, emission from
Tb3þ centers at 413 nm partially overlaps with the transition of
6A1(S)-4A1(G), 4E(G) in Mn2þ (414 nm), what leads to further
increase in red photoemission from Mn2þ . If co-doped glasses are
excited at 350 nm, the intensity of Tb3þ: 5D3-

7F5,4,3/5D4-
7F6,5,4,3

emission peaks decreases significantly with increasing Mn2þ-
concentration (Fig. 9A). At the same time, the intensity of the
Mn2þ-related emission band from 575 to 700 nm (4T1(G)-6A1(S))
increases (Fig. 9B). For various dopant concentrations, the relative
emission intensity indicates that for 0.025 mol% Tb3þ co-doping, the
maximum Mn2þ concentration should be around 1.0 mol% before
self-quenching occurs.
Fig. 8. Excitation spectra Mn2þ , Tb3þ singly and co-doped ZABS glass.
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Dynamic luminescence analyses provide further evidence for
the occurrence of energy transfer from Tb3þ to Mn2þ; consider-
ing decay of the green emission band at 542 of Tb3þ (5D4-

7F5

transition) relative to Tb3þ singly doped ZABS reveals a signifi-
cant decrease in emission lifetime, i.e., from 2.21 ms for the
singly doped glass to 1.32 ms for 1.0 mol% Mn2þ co-doping. The
decrease in lifetime is caused by fast non-radiative energy
transfer from Tb3þ to Mn2þ .
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Fig. 11. Emission spectra of Tb3þ/Mn2þ co-doped as-melted ZABS glass and

corresponding glass ceramic under 350 nm (A) and 414 nm (B) excitation.
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Fig. 12. Time resolved emission spectra of Tb3þ/Mn2þ co-doped glass ceramic

under 350 nm (A) and 414 nm (B) excitation.
3.4. Tb3þ /Mn2þ co-doped glass ceramics

Luminescence spectra of Tb3þ/Mn2þ co-doped ZABS glass
ceramics reveal blue emission (413, 436, and 457 nm) due to
Tb3þ: 5D3-

7F5,4,3 transitions, and green-red emission (488, 542,
586, and 621 nm) due to Tb3þ: 5D4-

7F6,5,4,3 including a broad
red emission band (650 nm) associated with Mn2þ centers. For all
Tb3þ-related emission bands, the intensity decreases gradually
with increasing Mn2þ-concentration. At the same time, intensity
of the Mn2þ-related emission band increases. Interestingly and in
contrast to observations in singly doped glass ceramics, relative
emission intensity is maximal for samples, which were annealed
at 750 1C/3 h, and decreases somewhat for annealing at 800 1C/3 h
(Fig. 10). Self-quenching appears to occur at a Mn2þ-concentration
of 1.0 mol% for glass ceramics, which were produced at 750 1C, and
0.5 mol% for glass ceramics, which were produced at 800 1C.
For heat treating at 800 1C/3 h, the Mn2þ: 4T1(G)-6A1(S) band
red-shifts to 660 nm and its intensity is strongly reduced. A similar
observation is made for lower Mn2þ-content. As in Mn2þ singly
doped ZABS, the red shift is associated with increasing exchange
interactions between active ions. These observations indicate that
Mn2þ and Tb3þ ions partition into the evolving nanocrystalline
ZnAl2O4 phase to differing extent: The interionic distance between
both species is the determining factor for the efficiency of the
observed energy transfer process. It can be adjusted via a suitable
heat treatment process. That is, the probability of energy transfer
increases when crystal growth rate and number density are
adjusted to enable minimum distance between Tb3þ to Mn2þ .
This has immediate consequences on the color of photoemission
and enables its tunability by the application of appropriate heat
treatment procedures as well as combinations of dopant concen-
trations, i.e., from green to yellowish-red. Comparing the emission
intensities of as-melted ZABS and corresponding glass ceramics,
which were produced at different annealing temperatures, reveals
maximal emission intensity for the glass ceramic prepared at
750 1C/3 h. Especially when excited at 414 nm, the intensity of red
emission can be increased more than tenfold (Fig. 11). Based on
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Fig. 10. Emission spectra of Tb3þ/Mn2þ co-doped ZABS glass ceramic after heat

treatment for 3 h at 750 1C and 800 1C, respectively, for different Mn2þ concentrations,

under 414 nm excitation.
the observation of concentration quenching in Mn2þ singly doped
ZABS, in the present study, we have limited the Mn2þ concentra-
tion to 1.0 mol%. We would expect that further enhancement of
the red emission intensity may be possible by increasing the
Mn2þ-concentration in co-doped ZABS glass ceramics to beyond
1.0 mol%. As with the co-doped as-melted glass, the lifetime of
green emission from Tb3þ ions decreases with increasing Mn2þ-
co-dopant concentration, i.e., from 2.36 to 1.88 ms. This is taken
as further confirmation for the occurrence of energy transfer from
Tb3þ to Mn2þ also in the glass ceramic, and further confirms that
both Mn2þ and Tb3þ are incorporated into the crystal phase.
Corresponding time-resolved emission spectra are shown in
Fig. 12. For excitation at 350 nm, the emission bands related to
Tb3þ: 5D4-

7F6, 5, 4, 3 transitions are located at 488, 542, 586, and
621 nm. As with the Tb3þ singly doped material, the blue
emission bands related to Tb3þ: 5D3-

7F5, 4, 3 cannot be observed
due to fast non-radiative decay of 5D3. As the delay time increases
from 0.5 to 8 ms, the intensity of all Tb3þ-related emission bands
decreases monotonically. A broad emission band appears at
615 nm (related to octahedral Mn2þ centers). This is a further
reflection of energy transfer from Tb3þ to Mn2þ in the time
interval of 8 ms. For 414 nm excitation, time resolved spectra are
dominated by the broad emission band of Mn2þ: 4T1(G)-6A1(S).
Over a time of 30 ms, the intensity of this band decreases
continuously. The position of the band remains unchanged,
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Fig. 13. Schematic of the energy transfer process from Tb3þ to Mn2þ ions.
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indicating that emission occurs from a single active center. No
Tb3þ-related emission bands can be observed at this excitation
wavelength. For 350 nm excitation, the energy transfer process
from Tb3þ to Mn2þ ions is described in the energy level scheme
as shown in Fig. 13. It is observed that the respective 5D3 and 5D4

energy states of Tb3þ ions lie almost at the same level as 4A1(G),
4E(G), and 4T1(G) energy levels of Mn2þ ions. When the Tb3þ ions
are excited to the 5L9 state (350 nm excitation), they non-
radiatively relax to 5D3, and further to 5D4. The radiative transi-
tions from 5D3 and 5D4 of Tb3þ to various 7Fj(j¼3, 4, 5, 6) levels give
rise to blue and green-red emission. On the other hand, a part of
the energy from the 5L9 state can be directly transferred to
4E(D) of Mn2þ , which then relaxes non-radiatively to 4A1(G),
4E(G); and further to 4T1(G), causing red emission. At 350 nm,
Mn2þ ions are also directly excited to 4E(D). In addition, Tb3þ:
5D3 can partially transfer part of its energy directly to the 4A1(G),
4E(G). Finally, energy transfer may also occur directly from 5D4 of
Tb3þ to 4T1(G) of Mn2þ . All these mechanisms lead to enhanced
red emission from co-doped ZABS.
4. Conclusions

In summary, a series of Mn2þ or Tb3þ singly and codoped
zinc–boroaluminosilicate glasses and corresponding gahnite glass
ceramics were prepared and their structural and optical proper-
ties were studied. The controlled precipitation of nanocrystalline
ZnAl2O4 from the glass matrix was confirmed by XRD analyses.
Both Mn2þ and Tb3þ demonstrated partition into the crystallite
phase, which is a prerequisite for efficient energy transfer
between both species. Upon excitation at 350 and 414 nm,
respectively, doped glasses and glass ceramics exhibit intense
red photoemission (indicating octahedral coordination of Mn2þ

emission centers). The position of the emission band red-shifts
with increasing Mn2þ concentration. Energy transfer from Tb3þ

to Mn2þ occurs dominantly upon 350 nm excitation and was
confirmed by static as well as time resolved luminescence
spectroscopy. In co-doped glasses and glass ceramics, the inten-
sity ratio between green (Tb3þ) and orange or red (Mn2þ)
emissions can be tuned by varying the concentration of Tb3þ

(sensitizer) and Mn2þ (activator) ions, and also by varying the
annealing procedure. In this way, the color of photoluminescence
can be tuned.
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