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Chapter 1
Converting phosphors in photovoltaics and solid-state light
sources
This chapter briefly describes the possibility of using luminescent methods for solar
spectrum modification to improve solar cells efficiency. The main attention is paid to the
down-conversion (quantum cutting) mechanism based on the cooperative energy transfer
(CET) process occurring from one donor to two acceptor ions. Luminescent materials
applicable for the solar spectrum modification, as well as experimental methods of the
investigation of the down-conversion process, are reviewed.
Another part of the chapter is devoted to converting phosphors for LED-based
sources of white light. An overview of the current state of luminescent materials for this
purpose and perspective directions of their development are presented. The main focus is
on the materials that can be alternative to the rare-earth-based phosphors, in particular on
the Bi3+-doped luminescent materials. An overview of the optical and luminescent
properties of Bi3+-doped luminescent materials is presented.

1.1. Improving the photovoltaic cell efficiency by solar spectrum modification:
Phenomena and available materials
Typical commercial single-junction solar cells effectively convert photons with
energy close or larger the material band gap (Eg) [1]. Photons with an energy Eph smaller
than the band gap value are not absorbed, and their energy is not used for electric energy
generation. On the other hand, photons with much larger energy are absorbed, but the
excess energy is lost due to the thermalization process.
The total spectral losses of the single-junction silicon solar cell can be as high as
50% [2]. Simultaneously, the maximal theoretical conversion efficiency for such cells was
calculated to be about 31% at 1.1 eV (Shockley-Queisser limit) [3]. A few solutions have
been proposed to reduce spectral losses and improve the response of solar cells to the solar
spectrum. For example, multiply stacked cells [4], heterostructures [5], quantum dot
concentrators [6], up- and down-converters [7] were proposed for this purpose. Our study
concerns only the luminescent methods for solar spectrum modification.
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1.1.1. Luminescent methods for solar spectrum modification
Luminescent methods for solar spectrum modification like (i) down-conversion
(cutting one high energy photon into two lower-energy ones), (ii) photoluminescence
(shifting photons wavelength into the region better accepted by a solar cell), and (iii) upconversion (combining low energy photons into one high energy photon) (see Fig. 1.1) are
nowadays extensively studied from the point of view of possible enhancement of
efficiency of silicon solar cells [7–10].
Fig. 1.2 demonstrates the fractions of energy available when applying the downconversion and up-conversion phenomena.

Fig. 1.1. Schematic representation of the luminescent methods for solar spectrum
modification [1].
The principal difference between the photoluminescence (or down-shifting) and the
down-conversion

mechanisms

is

that

the

quantum

efficiency

(QE)

for

the

photoluminescence cannot exceed 1.0 due to the energy transfer mechanism and
thermalization losses. In contrast, QE for the down-conversion phenomenon can be up to
2.0 in the case when one high-energy photon is converted to two low-energy ones. At that,
different conversion mechanisms involving different intermediate states of the same or
different activators are possible (see Fig. 1.3).
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Fig. 1.2. AM1.5G solar spectrum showing the fraction that is currently absorbed by thick
silicon solar cell (SC) and the additional regions of the spectrum that can contribute
towards up-conversion (UC) and down-conversion (DC) (from Ref. [9]).

Owing to the possibility to get the QE value more than 1.0, the down-conversion
(DC) mechanism looks more attractive for enhancing the solar cells (SC) efficiency than
the regular photoluminescence mechanism. Theoretical calculations show that an “ideal”
down-converting layer placed on the front side of silicon SC (see Fig. 1.4) allows to
increase the efficiency limit from 30.9% to 36.6% [7].
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Fig. 1.3. Schematic diagram of the down-conversion (quantum cutting) processes
occurring via the different mechanisms: cascade (a), cross-relaxation (b), and cooperative
energy transfer (CET) (c).

Fig. 1.4. Schematic representation of the solar cell with up-converting (left) and downconverting (right) layers (from Ref. [9]).
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The theoretical description of the quantum-cutting was proposed by Dexter in the
1950s [11,12] and experimentally confirmed 20 years later using Pr3+ in the YF3 host
[13,14]. Here, the host absorbs a VUV photon (185nm) and transfers energy to the 1S0 state
of Pr3+ ion, where sequential photon emission occurs (1S0→3PJ at 408 nm followed by
3

PJ→3F2 at 620 nm). In such a way, quantum-cutting can be implemented by photon

cascade emission from a single lanthanide ion (e.g., Pr3+ and Gd3+) or by the downconversion via ET through different sets of lanthanide ions (e.g., Gd3+–Eu3+ and Gd3+–
Tb3+–Er3+). The search for new quantum-cutting materials has gained importance in recent
years because of their high application potential for the solar spectrum modification and, in
such a way, improvement of the silicon SCs efficiency. At present, the main attention in
the study of quantum-cutting phosphors is focused on fundamental studies of the processes
occurring inside the materials.
Strumpel et al. [8] have proposed conditions for down-converting and quantum-cutting
materials to have benefited from their introduction to the solar cell structure. The material
needs to have high absorption at wavelengths longer than 350 nm. Emission of such
materials must be between 350 and 1100 nm with high quantum efficiency. Moreover,
these materials must have low absorption in the all-emission spectral range.
To understand the place of the down-conversion process among other energy transfer
processes, let us consider briefly the mechanisms of energy transfer that are possible in
principle.
In the case of low concentrations of luminescent centers, there are two pathways of
their de-excitation: emitting a quantum of light or transformation of the excitation of the
center into vibrations of the matrix. However, with an increase in the number of
luminescent centers, it also becomes possible for them to interact with each other. The
interaction of a pair of luminescent centers, one of which is at a metastable level, can result
in a transfer of the excitation energy to the second center. This process is called energy
transfer. The optical center from which the excitation leaves is called a “donor”, and the
one to which the excitation falls is called as an “acceptor”.
Figure 1.5 shows two possible mechanisms which can lead to the excitation energy
transfer in the case when the donor and acceptor are centers of different types (for
example, different rare-earth ions).
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Fig. 1.5. Schematic representation of the non-radiative and radiative energy transfer
mechanisms.
The process depicted in Fig. 1.5 significantly affects the luminescence parameters
of both the donor and the acceptor. In the first case, the transfer of excitation energy
reduces the quantum yield and the decay time of the donor luminescence since part of the
donor excitation instead of the radiative transition goes to the acceptor. This process is
called “quenching” of the donor luminescence by the acceptor, and the acceptor itself is
called a “quencher”.
Second, if the transfer of the excitation energy from the donor to the acceptor
occurs due to electron transfer to the metastable level of the acceptor, then the acceptor
luminescence process is possible. It is important to note that the acceptor begins to emit,
despite the fact that it is not directly exciting. This phenomenon is called “sensitization” of
the acceptor luminescence, and the donor is called “sensitizer”.
It often turns out that the acceptor does not have a metastable level and does not
have luminescence. This situation occurs when the acceptor has many energy levels, the
gaps between which are less than the maximum energy of the vibrational quantum. Then
the acceptor excitation energy is transformed into vibrations of the matrix or impurities,
descending through these levels.
As it was described above, the energy transfer between optical centers can occur by
two mechanisms: radiative and non-radiative. Radiative energy transfer requires the
acceptor to absorb the photons emitted by the donor. The radiative process of energy
transfer is observed when the average distance between the donor and acceptor is relatively
large compared to the wavelength. This process does not require any interaction between
“donor” and “acceptor”. Its efficiency depends on the degree of overlap of the donor
11

luminescence and acceptor absorption spectra, quantum yield, extinction coefficients, and
concentration. Radiative energy transfer leads to a decrease in the radiation intensity of the
donor in the region of overlapping spectra, therefore this effect is also called the internal
filter effect.
On the contrary, the non-radiative energy transfer occurs due to short- or longrange interactions between molecules. The main criterion for distinguishing between the
radiative and non-radiative transfer mechanisms is the dependence of the donor
fluorescence lifetime on the acceptor concentration. With the radiative transfer, the
fluorescence lifetime of the donor does not change or slightly increases, with the nonradiative transfer it decreases [15].
Non-radiative energy transfer requires some interaction between the donor and
acceptor ions. The main mechanisms of non-radiative energy transfer are shown in Fig.
1.6. Interactions between ions can be electrostatic or due to intermolecular orbital overlap.
Electrostatic interactions include dipole-dipole interactions at large distances (according to
the Foerster mechanism) and multipole interactions possible at short distances [16].
Interactions caused by intermolecular orbital overlap, which include exchange (according
to the Dexter mechanism) and charge-resonance interactions, can occur only at short
distances [11]. It should be noted that singlet-singlet energy transfer can include all types
of interaction, while triplet-triplet energy transfer can be due only to spin-orbit overlap.

Fig. 1.6. Possible types of interactions involved in non-radiative energy transfer.
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In general, the interaction energy between molecules can be represented as the sum
of two components: electrostatic and exchange interactions. In electrostatic interaction,
energy transfer occurs as a result of the transition of an initially excited electron in the
donor molecule to the ground state, while the acceptor electron, absorbing energy, goes
into an excited state. With the exchange mechanism, energy transfer occurs due to the
exchange of electrons between the donor and acceptor molecules (Fig 1.7).

Fig. 1.7. Schematic representation of dipole-dipole (DD) and exchange (EX)
interactions [16].
If considered transitions are allowed, then even at short distances between the donor
and acceptor, electrostatic interactions predominate. For forbidden transitions, electrostatic
interactions are negligibly small, and exchange interactions appear, but only at short
distances (<10 Å), since their implementation requires overlapping molecular orbitals. The
electrostatic interaction becomes effective at large distances (up to 80–100 Å).
Let us consider the various types of cooperative processes of energy transfer, namely
cross-relaxation, up-conversion, and migration of excitation.
Cross-relaxation is the process of energy transfer, in which the energy of the donor is
divided between the donor and the acceptor. A typical example is the cross-relaxation of
Er3+ ions (Fig. 1.8). Initially, the electron of the donor ion is at the excited 4F9/2 level, while
the electron of the acceptor ion is in the ground state. As a result of the cross-relaxation
process, both electrons move to the 4I13/2 state, the energy of which is approximately equal
to half the energy of the 4F9/2 excited state.
13

It is important that erbium ions are not retained at the 4I13/2 level since the relaxation
rate to the nearest lower 4I15/2 level is rather high. Further, the excitation energy of the
erbium center is transformed into vibrations of the matrix or impurities.

Fig. 1.8. Scheme of cross-relaxation of Er3+ ions [17].

Thus, in the case of erbium centers, cross-relaxation is a process that reduces the
luminescence quantum yield of such emission. However, it is possible to use crossrelaxation to increase the probability of the desired process, for example, to increase the
efficiency of laser pumping [18].
Another example of the energy transfer process inverse to cross-relaxation is upconversion. Let us consider the case of energy transfer between centers, if both centers are
in an excited state. Then a process is possible, as a result of which one of the centers
(donor) will be in the ground state, and the other center (acceptor) will be in a higher
excited state, the energy of which is equal to the sum of the energies of the donor and
acceptor before the transfer process.
Thus, during cross-relaxation, the energy of one center is divided between two centers,
and during up-conversion, on the contrary, the energy of several centers is summed up at
one center. It should be noted that up-conversion and cross-relaxation are observed only in
concentrated materials. The further fate of the high-energy excitation formed as a result of
the up-conversion depends on the ratio of the probabilities of radiative and non-radiative
transitions of the level that turned out to be excited. Depending on this, the up-conversion
acts either as an additional quenching channel or as a more efficient way of pumping high
energy levels [18].
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The term “migration of excitations”, or simply “migration” means the transfer of
excitation energy between centers of the same type when one of the centers is at a
metastable level and the second is in the ground state.
At first glance, it seems that migration should not affect the luminescence parameters.
Indeed, as a result of migration, a center is excited that has exactly the same properties.
However, it turns out that the influence of migration on the luminescent parameters of
materials is diverse and very important, since it modifies all the mechanisms of excitation
energy transfer described above.
Migration along donors delivers excitation energy to centers that are located in close
proximity to acceptors. This increases the efficiency of transmission processes in which
acceptors are involved (for example, increasing sensitization efficiency).
Migration can not only improve, but also worsen the luminescent properties. One
example of the negative effect of migration is the concentration quenching of
luminescence. It consists in the fact that for almost all materials, the quantum yield and
luminescence decay time decrease with an increase in the number of luminescent centers.
In this case, in samples with different numbers of luminescent centers, the concentration of
quenchers (acceptors) is the same. This effect could not be explained until the influence of
excitation energy migration along with donors, which delivers excitation to quenchers, was
taken into account [19].
To summarize, three luminescent methods can be applied to increase efficiency and
reduce thermalization losses of solar cells. Among these methods, the down-conversion
approach looks as the most promising due to high QE and the opportunity to convert one
UV photon to two NIR photons. Therefore, one of the main purposes of this work was to
get better insight into the down-conversion phenomenon (mainly via the cooperative
energy transfer process) and to find the converting materials, which can be really
applicable for the improvement of silicon solar cells.
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1.1.2. Luminescent materials applicable for solar spectrum modification
As down-converting materials, two types of them are discussed in the literature:
(i) band-like down-converting materials and (ii) ionic-like down-converting materials. In
the band-like down-converters, absorption takes place via excitation of the host materials
above their band gap, and emission occurs via the energy levels of doping ions. Since the
absorption thresholds of most of the band-like systems known from the literature are at too
high energies, they in the majority are not suitable for application for the terrestrial solar
spectrum [7–10].
In practice, a high quantum yield (over 200%) is achieved for the absorbed radiation of
the energy of 15 eV or even higher. For example, for yttrium oxide doped with europium,
the quantum efficiency of 240% was reported upon the 23 eV excitation [20]. This
conversion mechanism is expedient when it is necessary to convert deep (vacuum) UV into
visible light. Therefore, the practical application of such kinds of materials is rather very
specific.
In the ionic-like down-converters, both the absorption and the emission take place via
the energy levels of activator ions. For this purpose, a single lanthanide dopant with a
complex structure of energy levels or a pair of different dopants can be used. Effective
quantum-cutting systems on single ions must fulfill the following conditions: the energy
gap between neighboring levels should be large enough to prevent multiphoton relaxation,
and the branching factor of the visible radiation must be high [21].
Historically, Pr3+ has become the first activator the down-conversion process has been
realized for, first of all, because the energy levels are widely distributed throughout the
spectral range (see Fig. 1.9) [22]. In particular, 3P2, 1I0, and 3P0 levels can absorb blue
photons between 440 and 490 nm, after that, the radiative recombination to the excited
level 1G4 as well as from the level 1G4 to the ground level 4H4 can occur, giving NIR
emission around 1 µm, which is slightly above the width of the silicon band gap [23].
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Fig. 1.9. Partial energy diagram for the RE3+ ions (adapted from [24]). The main
luminescent levels are drawn in red, while the ground states are indicated in blue.

Such cutting of photons taking place by the mechanism shown in Fig. 1.3a was
confirmed in Pr3+ in different matrices [25]. This effect was first observed on YF3:Pr3+ in
1970, with an efficiency of about 145% upon excitation in VUV at 185 nm [13,14].
Quantum cutting was also observed in various oxide matrices doped with Pr3+, such as
SrAl12O19 [26], LaB3O6 [27], and LaMgB5O10 [28] upon excitation in VUV. It should be
noted that the quantum cutting in the Pr3+-doped materials can also occur upon excitation
by X-rays [23].
According to the work of Dorenbos [29,30], it is possible to calculate the lowest
energy position of the 4f5d states for RE ions in many matrices. Based on these models,
van der Kolk et al. [31] attempted to predict in which compounds the quantum cutting can
be expected. It is considered essential to choose matrices with a weak crystal field, low
phonon energies, a large band gap, a sizeable cation-anion distance, and a large
coordination number for the substitution site to detect the quantum-cutting phenomenon
[23,32].
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The results on quantum cutting on Pr3+ ions reported for many fluorides and oxide
matrices [26–28,32] suggest that the host, temperature, and concentration of
praseodymium strongly affect the quantum cutting luminescence.
A possibility of the quantum cutting process was also investigated on the other RE
ions, such as Tm3+, Gd3+, or Er3+. However, so far, no visible luminescence with a QE
above 100% based on the single RE3+ ion other than Pr3+ has been reported in the
literature.
The ionic-like down-converting materials are still the subject of fundamental research.
Various fluoride or oxide hosts doped with lanthanide ions such as Pr3+, Gd3+ or Eu3+ as
well as double doped with Gd3+Eu3+, Er3+Tb3+, Tb3+Yb3+ or Er3+Yb3+ have been
studied intensively up to now [8,10,23,33]. In the case of the double-doped systems, the
Yb3+ ion should be considered with special attention. This ion has a characteristic emission
near 1 m, just above the Si band gap, which may constitute possibly the best “acceptor”
of the excitation energy from the “donor” ion absorbing in the spectral range above the
double Si band gap. The efficiency of such double-doped ionic-like down-converters, e.g.,
doped with Tb3+Yb3+ or Er3+Yb3+, depends on the efficiency of the excitation energy
transfer from the “donor” ion to the “acceptor” ion. Even if the energy transfer is efficient,
the main drawback of such lanthanide-doped systems for solar spectrum conversion is a
narrow spectral range of their f-f absorption. From this point of view, “energy donor” ions
with broad-band absorption look much more attractive. Therefore, the search for codopants allowing broad-band absorption in the UV-blue region and effective energy
transfer to Yb3+ ions is a topical subject nowadays. Recently, few systems like Eu2+Yb3+,
Ce3+Yb3+, Yb2+Yb3+ and Bi3+Yb3+ have been reported in the literature as broad-band
down-converters possibly applicable for terrestrial solar spectrum modification [34–40].
The Bi3+Yb3+ co-doped systems as one of the most promising ones should be
discussed separately. It is known from the literature that bismuth (Bi3+) co-doping
enormously enhances luminescence of lanthanide ions such as Sm3+, Eu3+, Dy3+, or Er3+ in
various ionic hosts [41–45]. Not long ago, it was reported that Bi3+Yb3+ co-doped Y2O3
or Gd2O3 exhibit efficient quantum cutting down-conversion properties due to the
cooperative energy transfer (CET) from Bi3+ to Yb3+ ions [35–37,45], as it was shown in
Fig. 1.3(c). A near-infrared emission around 980 nm from Yb3+ (2F5/22F7/2) is observed
here under ultraviolet excitation around 340 nm of Bi3+ ion (allowed 1S03P1 absorption).
The possible down-conversion quantum efficiency estimated from the shortening of the
18

Bi3+ luminescence decay time in Y2O3 was as high as 139.5% [35], 152% [45], or even
172.8% [37]. Nevertheless, direct measurements of QE for these systems have not been
done yet. The Bi3+ ions are strongly coupled to the lattice. Therefore, their excitation and
emission wavelengths depend strongly on the host. The possible down-conversion
processes with the participation of Bi3+ ion should also depend strongly on the host
material. Therefore, a list of host materials for Bi3+Yb3+ co-doping should be widened in
order to find the host most appropriate for this purpose.
To summarize this part, it should be noted that down-converting luminescent
materials that can be used as potential materials for a solar spectral modification can be
one of two types, namely the band-like and the ionic-like materials [7–10]. The doubledoped ionic-like materials look most perspective as they allow to tune the absorption and
emission properties of such down-converting materials. For sure, the “acceptor” ion should
emit in the NIR range with the energy of the lowest emission lines just above the silicon
band gap to reduce thermalization losses. At the same time, the “donor” ion should have an
efficient broad-band absorption in the UV-blue region. The efficient transfer of the
excitation energy from the donor to acceptor ions is not less important.
From this point of view, the systems double-doped with Ce3+Yb3+ or Bi3+Yb3+
look very attractive and require to be studied in details. Therefore, a significant place
among our research is occupied by such materials co-doped with Ce3+Yb3+ or Bi3+Yb3+
ions.

1.1.3. Experimental methods for estimation of the quantum-cutting phenomenon
At present, despite of the first promising conversion results obtained for intense
monochromatic illumination [46,47], the overall efficiency of such process under regular
sunlight illumination remains unknown, so the practical interest of such down-converting
layers remains questionable. Therefore, research in this area focused on understanding the
fundamental processes that determine system efficiency [48] is important. To our opinion,
the first step facing scientists in this context is to determine the energy transfer mechanism
from “donor” to “acceptor” ions is cooperative or not (see Fig. 1.10). Despite more than a
dozen papers devoted to the down-conversion (DC) process in the Bi3+-Yb3+ co-doped
phosphors (see, e.g. [8,10,23,33,45]), up to the start of our studies, there was no strict
evidence of the occurrence of the cooperative energy transfer process in these materials, in
the sense that two photons emitted by Yb3+ are produced at the expense of one photon
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absorbed by Bi3+ (see Fig. 1.10). Moreover, the overall quantum efficiency of
luminescence in such Bi3+-Yb3+ co-doped phosphors remained generally unknown.

Fig. 1.10. Schematic energy level diagram of Bi3+ and Yb3+ ions showing the cooperative
energy transfer (CET) mechanism with the cutting of one UV photon to two near-IR
photons (a) and the energy transfer without such a cutting (b).
Until now, several approaches have been proposed to confirm the quantum cutting
phenomenon in luminescent materials. The clearest one is based on the direct measurement
of the arrived photons by the fluorescence correlation spectroscopy (FCS) method and
recently was applied successfully for NaLaF4:Pr3+ [49]. The recording of the arrived
photons by the Hanbury Brown-Twiss setup [50] allows to plot cross-correlation function
and to confirm the quantum-cutting effect in the studied material. In such a way, M. de
Jong et al. [49] confirmed the quantum cutting phenomenon for NaLaF4:Pr3+ (see
Fig. 1.11). This method looks ideal for confirmation of the quantum cutting process
occurring via the cascade or the cross-relaxation mechanisms (see Fig. 1.3 (a) and (b)).
However, in our opinion, this method most probably cannot be applied to the materials, for
which the emission originating from different optical centers cannot be spectrally
separated. The materials co-doped with Bi3+ and Yb3+ ions, or Ce3+ and Yb3+ ions (see for
instance Fig. 1.3(c) and Fig. 1.10) are exactly such a case, when we will be unable to
recognize the NIR photons coming from the same or different Yb3+ ions.
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Fig. 1.11. Some experimental details of the photon-correlation experiment done for
NaLaF4:Pr3+ powder [49].
The cooperative energy transfer process can be recognized basing on the analysis of
the luminescence decay time of the donor ion. Generally, it is possible to simulate the
donor excited state decay dynamics and the influence of energy transfer to acceptor for
three different scenarios of the energy transfer mechanism: (i) energy transfer via a charge
transfer state, (ii) single-step energy transfer via dipole-dipole coupling, and
(iii) cooperative energy transfer (quantum cutting) via dipole-dipole coupling. Yu et al.
[51] made such Monte Carlo simulations for the cooperative quantum cutting mechanism
and proposed an analytical model for the decay dynamics in the cooperative charge
transfer and the single-step dipole-dipole scenarios. As a result of the comparison of the
simulated decay kinetics with the experimentally obtained ones for YAG:Ce3+,Yb3+, it was
concluded that the energy transfer process in this particular material is not cooperative.
Another approach, most frequently used to study the cooperative energy transfer
process, is based on analysis of decrease of the emission intensity of donor ion (derived
from analysis of the emission decay curves), proposed by Vergeer et al. [52]. This simple
approach is based on the assumption that the energy transfer from the donor to the acceptor
occurs without any energy losses, the emission from the donor and acceptor ions occurs
without any non-radiative losses, as well as the assumption that the cooperative energy
transfer as such occurs. This assumption leads to the upper limit of the quantum efficiency
(ηsample), which for sure will differ from the real one due to concentration quenching and
energy losses.
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In order to estimate the quantum efficiency of a sample, in this approach, the
following procedure is undertaken. Decay kinetics of the donor ions are measured both for
the samples doped only with donor and the samples co-doped with acceptor ions, noted as
𝐼0%,𝑎𝑐𝑐 and 𝐼𝑥%,𝑎𝑐𝑐 , respectively, where x% denotes the concentration of the acceptor ions.
The measured decay kinetics should be normalized, and the area under the curves should
be considered. Then the energy transfer efficiency from donor to acceptor ions (𝜂𝐸𝑇𝐸 ) can
be found from the equation:
𝜂𝐸𝑇𝐸 = 1 −

∫ 𝐼𝑥%,𝑎𝑐𝑐 𝑑𝑡
∫ 𝐼0%,𝑎𝑐𝑐 𝑑𝑡

,

(1.1)

In order to define the total quantum efficiency of the sample, the quantum
efficiency of the donor (ηdon) and acceptor ions (ηacc) under UV excitation should be taken
into account:
𝜂𝑠𝑎𝑚𝑝𝑙𝑒 = 𝜂𝑑𝑜𝑛 (1 − 𝑛𝐸𝑇𝐸 ) + 2𝜂𝑎𝑐𝑐 𝜂𝐸𝑇𝐸 ,

(1.2)

where the coefficient 2 means that an ideal one-to-two quantum cutting process
occurs. Following the assumptions mentioned above, the donor (ηdon) and acceptor (ηacc)
quantum efficiencies are set to 1.
Typical values of overall QE obtained in such a simple approach for various downconverting materials are summarized in Table 1.1. It should be noted that such an approach
provides the maximal (theoretically possible) value of QE that is most likely impossible to
reach for real materials because of the unrealistic assumptions (conversion ratio 2.0, no
non-radiative losses, etc.).
Consequently, such a method is not reliable for real systems because it does not
allow to conclude that the observed energy transfer process is indeed cooperative.

Table 1.1. Typical values of the maximal QE (%) estimated for some ionic-like downconverting materials.
Material
Y2O3:Bi3+,Yb3+

QE, %

Ref.

139.5%

[35]

3+

3+

181.1%

[53]

3+

3+

177.8%

[38]

NaBaPO4:Eu2+,Yb3+

197.4%

[54]

LuPO4:Tb3+,Yb3+

182.2%

[55]

YPO4:Gd3+,Tb3+

162%

[56]

GdWO4:Bi3+,Yb3+

154.09%

[57]

Y2O3:Tb ,Yb

YAG:Ce ,Yb
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Therefore, we decided to improve the last approach by measuring the real values of
quantum efficiencies of luminescence of the donor and acceptor ions, and in such a way to
get information about the real value of the conversion ratio. Details of our own approach
are described in details in Section 3.6. Owing to this, measurements of absolute values of
luminescence QE for the down-converting materials co-doped with Ce3+Yb3+ or
Bi3+Yb3+ ions are an integral part of this work.

1.2. Converting phosphors for LED-based white light sources: Challenges and
available materials
The traditional lighting techniques used today have some significant drawbacks that
reduce their energy efficiency. Their main drawback is significant thermal losses due to
high working temperatures. On the other hand, light-emitting diodes (LEDs) avoid these
drawbacks and have significant advantages. The main advantages of LEDs are small size,
long lifetime, reliability, fast switching, and high efficiency. There is now virtually no
doubt that LEDs will eventually replace all conventional technologies in general
illumination applications, leading to a significant reduction of worldwide electricity
consumption.
The central role in light-emitting diodes for achieving white light is played by
phosphors, which allow getting the required color quality. In the past, phosphors were
actively investigated with the appearance of cathode tubes. However, they were optimized
for excitation in deep ultraviolet or electron beam and have narrow emission lines. The
presence of narrow emission lines rather than broad ones complicates the reproducibility of
color, making it impossible to use them for lightening purposes. Therefore, for achieving
high color quality, the basic requirements for phosphors are as follows [58]:
1) High quantum efficiency;
2) The excitation spectra are well suited to the emission wavelengths of the LEDs;
3) The short decay time of luminescence;
4) Chemical compositions allowing easy tunability of excitation and emission
wavelengths;
5) Thermal and photochemical stability;
6) Lack of thermal quenching at least up to 100 ºC;
7) Ease of production and low cost;
8) Non-toxicity.
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In fact, it is not easy to fulfill all these requirements in one phosphor. Therefore, the
phosphors which should satisfy most of them are searched.
Nowadays, the technology for white LEDs dominating in the market is the
combination of InGaN blue chip with the yellow phosphor based on yttrium aluminum
garnet doped with Ce3+ (YAG:Ce3+) (see Fig. 1.12a). YAG:Ce3+ allows efficiently
converting blue light to broad yellow emission, combined with the residual blue light from
the InGaN chip gives us white light [59]. However, this approach has several drawbacks.
The main problem is a poor color rendering index (CRI) due to the scarcity of red color
emission. Moreover, the color temperature of such a combination is too cold for indoor
domestic lighting (> 4500 K) due to the lack of red components. Another problem is that
the degradation of the InGaN chip of such white LEDs can significantly change their
emission color.
In recent years other approaches for white light-emitting diodes (WLEDs) deprived
of these drawbacks have been proposed [58,60] (see Fig. 1.12). One of them is combining
three individual red, green, and blue-emitting LEDs (Fig. 1.12d) [61–63]. This method
allows to get high luminous efficiency and high CRI. However, the cost of such a solution
is higher due to complex electric drive circuits [58,60]. Another approach is the combining
of commonly used UV InGaN LED with different phosphors converting to red, green, and
blue (RGB phosphors) [61,64,65] (Fig. 1.12b). The combination of such RGB phosphors
allows achieving high CRI and appropriate color temperature.

Fig. 1.12. Four methods of generating white light from LEDs: (A) blue-LEDs + yellow
phosphor, (B) UV-LEDs + red–green–blue (RGB) phosphors, (C) blue-LEDs + red–green
(RG) phosphors, and (D) red–green–blue (RGB) LEDs (from [58]).
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At present, rare-earth ions, especially Eu2+, Tb3+, and Ce3+, are the most frequently
used activators for converting phosphors. The allowed 4f-5d transitions of Eu2+ or Ce3+ are
responsible for strong absorption bands in the region from the near-UV to the visible blue
range, which depend on the host composition, crystal structure, symmetry of the activator
ion in the structure, and so on [66,67]. In particular, Tb3+ usually produces green color
emission in different hosts with excellent quality of optical properties [67].
Hitherto, a large number of rare-earth-doped phosphors for white LEDs have been
developed. Usually, they are classified into four groups of compounds: oxides, nitrides
(oxynitrides), sulfides (oxysulfides), and halides (oxyhalides) [58]. The list of the most
popular phosphors is presented in Table 1.2.

Table 1.2. List of most frequently used phosphors for LEDs.
Oxides

Nitrides

Sulfides

Halides

Sr2SiO4:Eu2+

Sr2Si5N8:Eu2+

SrGa2S4:Eu2+

Sr5(PO4)3Cl:Eu2+

Y3Al5O12:Ce3+

CaAlSiN3:Eu2+

(Ca,Sr)S:Eu2+

3.5MgO*0.5MgF2*GeO2:Mn4+

Y2Si2O7:Eu3+

β-SiAlON:Eu2+

Ca2SiS4:Eu2+

However, all of these phosphors are doped with rare-earths or contain rare-earths in
the host. The price of rare-earth materials is relatively high and influenced by the limited
export possibilities of the countries that mine them. Additionally, the main cost of LEDbased lighting remains too high to compete with incumbent technologies fully.
Indeed, a comparison of the average selling prices of various lamp technologies
reveals that LED lamps are ten times more expensive than incandescent bulbs and two
times more expensive than fluorescent tubes. Furthermore, the cost of LED lights is
strongly related to rare earth prices since phosphors made out of rare earth elements
present for around 12% of the cost of an LED lamp [68].
Consequently, the development of phosphors without rare-earth elements represents
an important challenge for expanding the white LEDs market. From this point of view, the
rare-earth-free phosphors based on luminescent compounds can be considered an
alternative solution thanks to the suitable low-cost precursors and several ways to tune up
the colors by changing the chemical composition of the host matrices [69–72]. Therefore,
in recent years, compounds without rare-earths have started to be searched by researchers
worldwide and widely investigated to replace rare-earths elements and make phosphors
cheaper in production.
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When we talk about activators that can replace rare-earths, there are not too many
of them. The main of them used for red phosphors is Mn4+ [73,74]. Mn4+ exhibits intense
red emission due to the 2Eg → 4A2 transitions with relatively high quantum efficiency and
outstanding thermal stability. The Mn4+-activated phosphors allowing increasing the CRI
of the standard YAG:Ce-based LEDs are sufficiently well studied and characterized.
Beside Mn4+, Mn2+ activator can be successfully used. Mn2+ is featured by a 3d5 electron
configuration with electrons located in an outer orbital, which causes its optical property to
be heavily affected by the host matrix. Depending on the host matrix and position of Mn 2+
ion in the crystal structure, the color of Mn2+ emission can be tuned from green to orange.
Usually, Mn2+ activated materials are proposed as green-emitting phosphors due to the
spin-forbidden d–d transitions (4T16A1) in Mn2+ ion. Both Mn2+ and Mn4+ doped
phosphors for WLEDs are well studied and systemized (see, e.g. [73–75]).
Another ion that has recently been actively investigated for phosphors is Bi3+ [76–
78]. The Bi3+ ion is an important activator whose luminescence is related to the electron
transitions between the 6s6p excited states and the 6s2 ground state (see Section 1.3 for
some details). The luminescence of Bi3+ can vary from the ultraviolet to blue and even red
region by choosing appropriate hosts, which meets the requirement of the ideal activator
for designing LED converting phosphors [79]. Thus, Bi3+ is of high interest also as an
activator ion for converting phosphors for WLEDs. Besides, in the last years, it was shown
that Bi3+ doping in some materials produces another type of emission, which has a broad
spectrum in the visible range (see, e.g. [80,81]). The nature of this emission will be
discussed in more detail in Section 1.3. This type of Bi-related emission gives the
significant possibility of color tuning and, in such a way, is of high interest for WLEDs.
Such color tuning possibility was demonstrated recently for the Bi3+-doped rare-earth
vanadates and niobates (Y,Lu,Sc)(V,Nb)O4 [69–72]). Some spectra demonstrating the
color tuning possibility in (Y,Sc)(V,Nb)O4:Bi3+ solid solutions are shown in Fig. 1.13.
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Fig. 1.13. Normalized emission spectra of (Y1–y,Scy) (Nb1–x,Vx)O4:Bi compounds [82].
The rare-earth vanadates and niobates are not single ones, which have the Birelated photoluminescence in the visible range. Also, some garnets, in particular, the
gadolinium gallium garnet Gd3Ga5O12 (GGG) doped with Bi3+ has a broad emission band
in the visible region with a maximum near 470 nm [81] and can also be of interest as a
converting phosphor for WLEDs. Moreover, previous studies of the single crystalline
GGG:Bi3+ films indicate that the structure of this emission band is not elementary and
consists of at least two components, the second of which is probably due to the formation
of Bi3+-Bi3+ complexes [81], which probably gives additional possibilities for controlling
the bandwidth and color of the emission depending on the concentration of Bi3+ ions.
The mentioned rare-earth vanadates, as well as GGG, still have the rare-earths as
structure elements, so it is of interest to find some new rare-earths free matrices, like
CaAl4O7, SrAl4O7, CaMO3 (M = Zr, Sn, Ti) [83–86], having broad and efficient Bi3+related emission applicable for WLEDs. The finding of such Bi-activated rare-earth free
materials, which have emission in the visible range, gives a direct way to create new
converting phosphors potentially suitable for WLEDs. After finding suitable Bi3+-activated
phosphor materials, their emission properties can be tuned using the approach of band gap
engineering.
As it was already mentioned, the band gap deviation in (Y1–y,Scy)(Nb1–x,Vx)O4:Bi
compounds is responsible for the color tuning reported for these materials [82]. Similar
band gap engineering approach was successfully used already for tuning the Ce3+ emission
color in garnets. The garnet structure, as well-known, can be represented by the general
formula {A}3[B]2(X)3O12, where {} represents a dodecahedral site, [] represents an
octahedral site, and () represents a tetrahedral site. Due to YAG:Ce3+, the yttrium
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aluminum garnet is one of the most widely developed phosphor hosts. Replacement of
different ions in the structure by related ones allows changing the band gap of the material.
In particular, the band gap decrease when coming from YAG to GGG is responsible for the
lack of the Ce3+ emission in GGG at ambient conditions [87]. Replacement of atoms in
different positions by similar ones also allows changing the crystal field strength, which
can affect the emission maximum of activators in a wide range. Using such approaches
new near-UV excitable blue-green (Ca2YZr2Al3O12:Ce3+ [88], Ca3Zr2SiGa2O12:Ce3+ [89]),
cyan (Ca3Hf2SiAl2O12:Ce3+ [89]), and green (Ca2LaZr2Ga3O12:Ce3+ [90]) emitting garnet
phosphors with good performance have been developed for WLEDs.
To summarize this section, it should be stated that the search of new converting
phosphor materials applicable, for example, for white LEDs, is still an important and actual
task. Such new materials are actively searched from the point of view of increasing CRI
and decreasing of their production price. From this point of view, a broad visible Bi3+related luminescence, especially in the rare-earth free hosts, is of high interest for white
LEDs. Therefore, such Bi3+-activated phosphors are among the materials studied in this
work.
1.3. Bi3+-doped luminescent materials: Origin of the emission and new perspectives of
application
The Bi3+ ion belongs to the mercury-like ions of the ns2 family and was investigated
from the 1960s from the point of view perspective application as activator ion for WLEDs
and scintillators (see [79,91–95] and references therein). The absorption spectra of Bi3+
centers in different materials are due to the electronic transitions between the ground (6s2)
and excited (6s) (6p) states of a free Bi3+. The ground state of the free Bi3+ ion is 1S0, and
the two excited states are the triplet 3P and the singlet 1P. The triplet state is split due to the
spin-orbit interaction into states 3P0, 3P1, and 3P2.
Since Bi3+ belongs to the mercury-like ions group with two s-electrons on the outer
shell, as well as a non-ionized mercury atom, let us consider the luminescent properties of
mercury-like centers. Such ions include monovalent ions Ga+, In+, Tl+, divalent ions Ge2+,
Sn2+ and Pb2+, as well as trivalent ions As3+, Sb3+ and Bi3+ [96,97].
The energy level diagram of the mercury-like impurity center in the crystal
qualitatively coincides with the energy level diagram of free mercury-like ions (Fig. 1.14).
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Fig. 1.14. Energy states of an impurity mercury-like ion.
Ions with ns2-configuration of the outer electron shell in crystalline matrices lead to
the appearance of the so-called A, B, C absorption bands that are attributed to transitions
(ns2) – (ns)(np). In spectroscopy of impurity centers, the transition corresponding to the 1S0
↔ 3P1 transition of a free Bi3+ ion is denoted as the A-absorption or emission band,
depending on the direction of the process, the 1S0 → 3P2, and 1S0 → 1P1 transitions are B
and C – absorption bands, respectively. Sometimes the absorption band, which is called the
D - absorption band, appears in the crystal. D-band is usually attributed to the charge
transfer transition or the exciton near the impurity center in the region of the longwavelength edge of fundamental absorption, and this band lies near the first exciton peak
of the host crystal. The interpretation of results based on the D-absorption band is quite
complicated because of the partial overlapping of the long-wavelength side of the excitonic
crystal band and the short wavelength side of the D band, and a doubt subsists as to
whether the luminescence of the ion is a directly excited one or a host sensitized one. The
typical absorption spectra of KCl doped with different ns2-like ions is shown in Fig. 1.15.
The electronic transition energies of the free Bi3+ ion in a vacuum from the ground
state to the 3P1, 3P2, and 1P1 excited levels are 9.41 eV, 11.96 eV, and 14.21 eV,
respectively (see [94,98] for details).
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Fig. 1.15. Absorption spectra of KCl doped with (a) Tl+, (b) Pb2+ and (c) Ag- at 77 K [99].
The 3P0 level possesses the lowest energy, optical transitions from which to the
ground state are forbidden. Therefore, the 3P0 level is called metastable. The energy
distance between the

3

P0 and

3

P1 levels determines the characteristic temperature

dependence of the luminescence decay kinetics. In particular, at low temperatures, optical
transitions to the ground state occur from the 3P0 level. The decay time of this transition is
in the range of tens of microseconds to milliseconds. Increasing of the temperature leads to
the thermal population of the 3P1 level. Optical transitions from this level are partly
allowed and occur relatively quickly - with decay times of the order of hundreds of
nanoseconds. Therefore, the 3P1 level is called radiative or emitting [91].
As a result, with temperature increasing, the observed luminescence decay time is
decreasing, but the overall luminescence intensity does not change. The population of the
3

P1 level with increasing temperature is also accompanied by a shift in the emission

maximum towards higher energies.
A first attempt to explain the luminescent properties of the mercury-like centers
was provided by Seitz (Fig. 1.16) [100]. In his model, the spin-orbit interaction is
considered the primary type of interaction that affects the excited states of the Bi3+ ion. The
Seitz assumption that the absorption processes of compounds doped with ns2 ions can be
described in the weak crystal field approximation was confirmed in a large number of later
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works [101,102]. However, the Seitz model cannot adequately describe the structure of the
relaxed excited state (RES) and luminescence characteristics of the systems with strong
electron-phonon interaction.

Fig. 1.16. The energy diagram of Bi3+ levels in the Seitz model. Dashed arrows represent
the forbidden transitions.

An alternative model suitable for the systems with strong electron-phonon
interaction was proposed by Hizhnyakov et al. [103]. In this model, the Jahn-Teller effect
is considered the main effect in the RES of the luminescence center, and the spin-orbit
interaction plays a small perturbation role. Each Jahn-Teller minimum of the triplet RES of
Bi3+ center is split due to the spin-orbit interaction and consists of the upper emitting
minimum and the lower metastable minimum, corresponding to the 3P1 and 3P0 levels,
respectively, of a free Bi3+ ion (Fig. 1.17, solid lines).
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Fig. 1.17. Schematic representation of the Bi3+-related energy levels coordinate diagram
(see, e.g. [94]). The corresponding electronic transitions of the Bi3+ ion are indicated by
arrows.
This model’s application was confirmed by a systematic experimental study of the
luminescence characteristics of alkali halide crystals doped with ns2 ions by time-resolved
polarization spectroscopy in a wide temperature range [104,105].
In [100,103], the limits of applicability of Seitz and Hizhnyakov models in various
compounds are discussed.
The free Bi3+ ion has the highest spin-orbit interaction energy (ξ) among all
mercury-like ions, as a result of which the energy between the emitting and metastable
levels in various oxides varies from 30 to 110 meV [94]. Therefore, the decay time of the
slow component of the triplet emission of Bi3+ centers usually does not change with
increasing temperature up to the range from 50 to 80 K, after that decreases due to
thermally activated transitions between the metastable and the emitting level. The emission
bands of Bi3+ centers are relatively narrow (FWHM from 0.2 to 0.4 eV) and with a small
Stokes shift (from 0.3 to 1.0 eV). The luminescence characteristics of the Bi3+ ion in
various oxides are presented in Table 1.3.
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Recently, visible Bi3+ - related luminescence in different materials has attracted
considerable attention through the high quantum yield of the emission at the level of 90%
for YVO4 [106]. This luminescence cannot be explained by the standard mercury-like
centers model of the Bi3+. The main difference between visible and UV types of
luminescence is in the Stokes shift and FWHM. In contrast to the triplet luminescence of
Bi3+ ions, the VIS emission bands are broad (FWHM from 0.5 to 1.2 eV) and with a
significant Stokes shift (from 1.2 to 2 eV). Therefore, in recent years, the attention to Bi3+related emission has been renewed from the point of fundamental research.
Table 1.3. Luminescence characteristics of the Bi3+ ion in various oxide matrices at 4.2 K.
Eem – emission band maximum, FWHM - full width at half maximum of the emission
band, S – the Stokes shift, Eexc is the maximum of the excitation A-band, τSC is the decay
time of the slow component of the triplet emission at 4.2 K, D is the spin-orbit splitting
energy of the triplet RES [94].
Material

Eem, eV

FWHM, eV

S, eV

Eexc, eV

sc, s

D, meV

Ref.

YAlO3:Bi

3.76

0.27

0.67

4.245

570

98

[107]

Y4Al2O9:Bi

3.4

0.235

1.02

4.42

169

52

[108]

Y3Al5O12:Bi

3.99

0.24

0.58

4.57

1050

110

[109]

Y2SiO5:Bi

3.56

0.33

0.94

4.5

328

60

[110]

A clear relationship of the energy distance between metastable and emitting energy
levels (D) and Stokes shift (S) values were observed for some Bi3+ -based compounds
many years ago [98,111]. In [98], the authors concluded that the value of S depends on the
coordination number of the Bi3+ ion and the ionic radius of the ion of the crystal lattice,
which the Bi3+ ion replaces. However, later studies have revealed a completely different
origin of ultraviolet and visible luminescence for materials containing the Bi3+ ion. The
energy distance (D) between these levels depends on the energy of the spin-orbit
interaction in the triplet state. This energy distance also varies with the Stokes-shift values.
Van der Steen and Blasse [98] proposed the rule that says “smaller the trap depth, larger
the Stokes-shift.”
The existence of a new visible emission of the bismuth ion with entirely different
characteristics that could not be described by standard models led to the emergence of
various theories that could describe such emission. The main models that tried to explain
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such emission are the emission of D band of the ns2 ions, emission of dimers or clusters,
the metal-to-metal charge transfer (MMCT) emission, exciton-like emission, etc. (see [94]
for example). The detailed description of the D emission band was done above, when the
absorption of ions with an ns2 electron shell was described.
The main model that has emerged recently is the theory of metal-to-metal charge
transfer (MMCT). In this theory, the presence of such visible luminescence depends on the
location of the excited 3P energy level of Bi3+ ion regarding the conduction band
(Fig. 1.18). In some cases, when 3P level is located in the conduction band, the lowest
absorption band of such materials can be formed due to metal-to-metal charge-transfer
transition, from 1S0 level of Bi3+ ion to the bottom of the conduction band [79,94]. For
example, the lowest excitation band of the visible emission in YVO4:Bi was assigned to
Bi3+ (6s2) → V5+ (d0) [79]. It should be noted that consideration of the absorption and
emission bands of some complex oxides doped with Bi3+ ions as electron transfer between
Bi3+ and transition metal ions forming a lattice host was proposed about 50 years ago (see
[92,94] and references therein).

Fig. 1.18. Schematic presentation of energy levels in Bi3+-doped compounds proposed
in [79].

Two types of emission bands with strongly different characteristics were found to
co-exist in Bi3+-doped garnets (Y3Al5O12, Lu3Al5O12) and orthosilicates (Y2SiO5, Lu2SiO5)
[108,109,112]. It was shown that the radiative decay of the emitting and metastable
minima of the triplet RES, arising from the 3P1 and 3P0 levels of a free Bi3+ ion, are
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responsible for the appearance of the ultraviolet emission. The visible emission was
ascribed to the radiative decay of the excitons localized around Bi3+ ions. Only the visible
emission was found in PbWO4:Bi [113], LiLaP4O12:Bi [114], Gd3Ga5O12:Bi [81],
Lu2WO6:Bi [115] and Bi3+ - doped orthovanadates and niobates [69,116–118], while only
the intra-center emission of Bi3+ ions was found in YAlO3:Bi [107], Y2O3:Bi [119], and
Y4Al2O9:Bi [108]. This difference is caused by different positions of the triplet excited
state of a Bi3+ ion with respect to the bottom of the conduction band [94,120].
It was found that the difference between the emissions of the two above-mentioned
types is not only in the Stokes shift (S) and FWHM of the emission bands. The levels of
localized excitons have a triplet structure, as do the excited levels of the Bi3+ ion. However,
the small spin-orbit interaction in the exciton states leads to the fact that the spin-orbit
splitting energy of their triplet state is of units of millielectronovolts, resulting in a
decrease in the luminescence decay time starting from temperatures of the order of 10 K
[94]. The luminescence parameters of excitons localized on bismuth in different oxides are
presented in Table 1.4.
Table 1.4. Luminescence characteristics of excitons localized around Bi3+ ions in various
oxide matrices. Eem is the maximum of the emission band, FWHM is the full width at half
maximum of the emission band, S is the Stokes shift, Eexc is the maximum of the lowestenergy excitation band, τSC is the decay time of the slow component of the emission at
4.2 K, D is the spin-orbit splitting energy of the triplet RES [94].
Material

Eem, eV

FWHM, eV

S, eV

Eexc, eV

sc, s

D, meV

Ref.

Y3Al5O12:Bi

2.63

0.85

1.92

4.55

38

3

[121]

Lu2SiO5:Bi

2.3

1.0

1.75

4.05

16.8

2

[122]

Lu3Al5O12:Bi

2.6

0.87

2.0

4.6

26

4

[109]

Since the mentioned types of the Bi3+-related emissions (the intracenter Bi3+
emission and the emission of excitons localized around Bi3+ ions) differ not only by Stokes
shift and FWHM but also by the D value (see Tables 1.3 and 1.4 for details), only the
luminescence decay measurements as a function of temperature allow to recognize
unambiguously the origin of the Bi3+-related emission.
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Chapter 2
Work Goals
The main goal of this work was to study the Bi3+ - related luminescence and the
energy transfer processes occurring in the oxide crystals doped with Bi3+ and doubly doped
with Bi3+Yb3+, Ce3+Yb3+ or Bi3+Eu3+. In particular, YVO4:Bi; YVO4:Bi,Yb;
LuNbO4:Bi,Eu; Ca3Ga2Ge3O12:Bi (CGGG:Bi); Gd2O3:Bi; Gd2O3:Bi,Yb; Y4Al2O9:Bi
(YAM:Bi);

YAM:Bi,Yb;

Y3Al5O12:Bi

(YAG:Bi);

YAG:Bi,Yb;

YAG:Ce,Yb;

Gd3Ga5O12:Bi (GGG:Bi); GGG:Bi,Yb and GGG:Bi,Eu crystalline phosphors have been
studied. These energy transfer processes (Bi3+Yb3+, Ce3+Yb3+ or Bi3+Eu3+) allowing
conversion of UV or visible violet-blue light into visible red or near-IR light have been
studied from the point of view of possible application of this kind of phosphors in
photovoltaics and solid-state light sources.
To achieve this goal, the research was conducted in the following areas:
1) Detailed studies of the down-conversion process in a number of crystals co-doped
with Bi3+Yb3+ or Ce3+Yb3+ in order to answer the question of whether or not the
cooperative energy transfer (CET) process giving a cutting of one high-energy photon
to two low-energy photons really occurs in these crystals, as well as to evaluate
perspectives of the crystals for solar spectrum modification and in such a way for
improving the efficiency of Si-solar cells.
2) Detailed photoluminescence study of Bi3+-doped Ca3Ga2Ge3O12 (CGGG) garnet in
order to clarify the origin of the emission of this insufficiently studied so far
phosphor, as well to evaluate perspectives of this cheap and easy to obtain phosphor
material for LED-based white light sources.
3) Detailed photoluminescence study of the Bi3+Eu3+-co-doped Gd3Ga5O12 (GGG) and
LuNbO4 in order to understand better the origin of the Bi-related emission in these
phosphor materials, to establish a mechanism of the Bi3+Eu3+ energy transfer
process as well as to evaluate perspectives of these phosphors for white LEDs.

36

Chapter 3
Experimental and characterization techniques
This chapter contains the description of the main experimental technics used for the
characterization of the studied materials, as well as a description of the samples studied.
The luminescent studies, for the most part, were performed by the dissertator in
person. Therefore, the methodology of these studies is described in more details.
Methodology of other studies, like, e.g., crystal structure studies by the X-ray diffraction
technique or microstructure analysis by the electron microscopy technique, is described
much briefly with referring to corresponding papers, where it is described. As regards the
materials synthesis and preparation techniques, only the samples synthesized by the
dissertator in person are described below. The synthesis of other materials received in
frames of cooperation with other research groups is described shortly, referring to
corresponding papers.

3.1. Methods X-Ray and microstructural analyses
X-ray diffraction measurements and the phase composition analysis of the studied
materials in the form of nano- and microcrystalline powders were done in part at the
Division of Physics and Technology of Wide-Band-Gap Semiconductor Nanostructures, IP
PAS. For this purpose, the X-ray diffraction (XRD) patterns were recorded using a
PANalytical X’Pert PRO MRD diffractometer equipped with a hybrid two-bounce Ge
(220) monochromator and triple bounce Ge (220) analyzer in front of the detector. Detailed
analysis of crystal structure parameters (unit cell dimensions, positional and displacement
parameters of atoms, site occupancies, etc.) was done by prof. L. Vasylechko, Lviv
Polytechnic National University, Ukraine, using the full profile Rietveld refinement as
described in [123–129]. Experimental analysis of the microstructure of the studied nanoand microcrystalline materials was done using a Hitachi SU-70 scanning electron
microscope (SEM) available at the Division of Physics and Technology of Wide-Band-Gap
Semiconductor Nanostructures, IP PAN.

3.2. Steady-state luminescence studies
The photoluminescence spectra, photoluminescence excitation spectra, and
luminescence decay kinetics were measured by a Horiba/Jobin-Yvon Fluorolog-3
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spectrofluorometer in FL3-12 configuration with a 450 W continuous xenon lamp as an
excitation source (Fig. 3.1). In the spectrofluorometer, the excitation light from the xenon
lamp is directed to a single-grating monochromator with the Czerny-Turner scheme. The
flat diffraction grating with a blaze angle optimized for the ultraviolet region (330 nm), the
slit sizes and wavelength calibration automated, ensuring reproducibility at all times. The
emission from the sample was collected to the double-grating monochromator attached to a
fully automated computer system controlled by the FluorEssence software. The detection
spectrometer possesses two detectors: a multialkali PMT detector (250-850 nm,
Hamamatsu R928P) and a thermoelectrically cooled NIR PMT (250-1050 nm, Hamamatsu
R2658P). The NIR detector is less sensitive than the multialkali PMT. Thus, it is intended
for use as a crossover between the multialkali PMT and the InGaAs NIR PMT module. All
detectors are operated in the single-photon counting mode; the signals from the detector
are then amplified and sent to a data acquisition system and a computer. All obtained PL
spectra were corrected for the spectral response of the spectrometer system used.
The available equipment allows to carry out high-temperature and low-temperature
research without change of geometry. The high-temperature measuring possibility is
provided by the Linkam LNP96 heating/freezing stage with T96 Controller. This stage
allows us to provide measurements in the 80K-600K temperature range. The lowtemperature luminescence measurements were carried out in a Janis continuous-flow
liquid-helium cryostat using a Lake Shore 331 temperature controller, which allows us to
provide measurements in the 4.5-325K range.

Fig. 3.1. Horiba Jobin-Yvon Fluorolog-3 spectrofluorometer is available at the Division of
Physics and Technology of Wide-Band-Gap Semiconductor Nanostructures, IP PAS.
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3.3. Luminescence decay studies
The luminescence decay measurements were done by the Horiba/Jobin-Yvon
Fluorolog-3 spectrofluorometer with the R928P PMT detector. The spectrofluorometer in
our division is equipped with the time-correlated single-photon counting (TCSPC)
upgrade, which allows to perform luminescence decay measurements on hundreds of
picoseconds to nanosecond time scales in single-photon counting mode and on few
milliseconds in the multi-channel scaling mode. The TCSPC upgrade includes a single
photon counting controller (FluoroloHub), a data acquisition system (DataStation Hub),
and various pulse excitation sources (e.g., NanoLED). Our department has 266 nm, 281nm,
304nm, 345nm, 404nm, 455, and 980nm NanoLEDs with a pulse duration of < 1.4 ns.
The measurements in the milliseconds range were done using the same Fluorolog-3
spectrofluorometer with the excitation light from the continuous xenon lamp modulated by
a mechanical modulator (chopper).

3.4. Time-resolved luminescence studies
The measurements of temperature dependences of the luminescence decay time in a
wide temperature range (4.2-400 K) as well as the time-resolved luminescence spectra
were performed at the Institute of Physics, University of Tartu, Estonia. Most of the timeresolved luminescence results presented in this work and published in [124–126,128,130]
were obtained by the dissertator participation during his several times research stays in
Tartu in frames of the joint research project under the agreement on scientific cooperation
between the Polish AS and the Estonian AS for the years 2019-2021.
The time-resolved emission and excitation spectra in the 4.2-400 K temperature
range were measured with the use of the computer-controlled setup consisting of the xenon
flash lamp (FX-1152, EG&G) with the pulse duration of about 1 μs and maximum
repetition frequency of 300 Hz, two monochromators (MDR-3 and ORIEL CS130 1/8 m),
and Hamamatsu H8259, H8259-01 photon counting system and multi-channel analyzer
MCS-pci, ORTEC). The spectra were corrected for the spectral distribution of the
excitation light, the transmission and dispersion of the monochromators, and the spectral
sensitivity of the detectors. The decay curves I(t) were measured at the same conditions for
different emission (Eem) or excitation (Eexc) energies. This allowed reconstruction of the
time-resolved emission and excitation spectra at any time moment (t) after the excitation
pulse.
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3.5. Measurements of the quantum yield
The quantum yield (quantum efficiency) values were estimated experimentally
using a Quanta-Phi integrating sphere (Fig. 3.2) connecting to a Horiba/Jobin-Yvon
Fluorolog-3 spectrofluorometer by optical fibers. The integral sphere is designed to
integrate light collection over all emission angles from a solid or liquid sample. The
interior reflective coating of the integral sphere is made from a proprietary material known
as Spectralon®, which has a very wide and flat reflectance of over 95% from 250 nm to
2.5 μm (Fig. 3.3). Thus, the integrating sphere can be used in this UV-vis-NIR spectral
range. All the measured spectra before QE calculations were corrected by the spectral
response of the spectrometer system, including connecting optics and the integrating
sphere itself. The spectral correction of the integrating sphere and connecting optics was
carried out in the range from 250 to 1500 nm using Halogen spectral irradiance standard
(Bentham CL2-10W).

Fig. 3.2. Quanta–φ integrating sphere used together with a Horiba/Jobin-Yvon Fluorolog-3
spectrofluorometer.
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Fig. 3.3. The hemispherical reflectance of the Spectralon® [131].

The determination of the absolute value of PL quantum yield for one sample at
monochromatic wavelength λ includes two measurements [132]. The measurement (a) is
carried out in an empty sphere without a sample to measure the intensity of the excitation
beam and noise of the detector, in measurement (b) the sample is placed in a sphere and
measure the absorption of the sample and luminescence.
As a result of measurements, two spectra are obtained with different intensities of
the peaks L and P (Fig. 3.4). The areas under the Lref and Lsam peaks are proportional to the
number of unabsorbed photons, the areas under the Pref and Psam peaks are proportional to
the number of photons emitted by the crystal. Pref is not visible in Fig. 3.4 because it
represents the noise of the PMT.
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Fig. 3.4. Schematic representation of the emission spectra measured using an integrating
sphere.

In experiment (a), the spectrum has a single Lref peak since there is no sample inside
the integrating sphere. In experiment (b), the beam excites the sample, is absorbed and
emitted by the crystal (Psam). Unabsorbed radiation Lsam either passes through the crystal or
past it, scatters on the walls of the sphere until it is again absorbed by the crystal.
The information about absorption, reflectance, and quantum yield at the
monochromatic wavelength exc can be obtained by the following equations [132]:
𝐿𝑠𝑎𝑚

R(𝑒𝑥𝑐 ) =

𝐿𝑟𝑒𝑓

,

(2.1)
𝐿

A(𝑒𝑥𝑐 ) = log10 𝐿 𝑟𝑒𝑓 ,
𝑠𝑎𝑚

η(𝑒𝑥𝑐 ) =

𝑃𝑠𝑎𝑚
𝐿𝑟𝑒𝑓 −𝐿𝑠𝑎𝑚

,

(2.2)
(2.3)

As it follows from eq. (2.3), the quantum yield value represents the ratio of the
number of emitted photons to that of the absorbed photons. It should be noted that the error
of the integrating sphere method depends on several factors: the instability of the excitation
power, the error of the calibration curve, the error of each individual measurement, etc. In
our case, the measurement error obtained from measuring the samples with known QE was
about 3-5%. In addition, it should be noted that several reproducible measurements were
carried out for each type of sample, and the values of QE were determined as an average
value for each sample. The value of the absolute error was estimated as the maximum
deviation from the average value during repeated measurements.
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3.6. The approach for the quantum cutting phenomenon evaluation based on
measurements of real values of QE
In order to evaluate the quantum cutting phenomenon occurring in the doubledoped ionic-like down-converting materials, we propose to modify the approach proposed
by P. Vergeer et al. [52] (see Section 1.1.3). Namely, we propose to put real values of the
donor (𝜂𝑑𝑜𝑛 ) and the acceptor (𝜂𝑎𝑐𝑐 ) photoluminescence quantum efficiencies to the eq.
(1.2), simultaneously considering the conversion ratio (z) as unknown:
𝑄𝑌𝑠𝑎𝑚𝑝𝑙𝑒 = 𝑄𝑌𝑑𝑜𝑛 + 𝑄𝑌𝑎𝑐𝑐 = 𝜂𝑑𝑜𝑛

∫ 𝐼𝑥%𝑎𝑐𝑐 𝑑𝑡
∫ 𝐼0%𝑎𝑐𝑐 𝑑𝑡

+ 𝑧𝜂𝑎𝑐𝑐 (1 −

∫ 𝐼𝑥%𝑎𝑐𝑐 𝑑𝑡
),
∫ 𝐼0%𝑎𝑐𝑐 𝑑𝑡

(2.4)

From here, the conversion ratio:
𝑧=

𝑄𝑌𝑎𝑐𝑐

,

(2.5)

𝑑𝑡
∫𝐼
𝜂acc (1− 𝑥%𝑎𝑐𝑐 )
∫ 𝐼0%𝑎𝑐𝑐 𝑑𝑡

where QYacc is the quantum yield of the acceptor down-conversion emission under UV
excitation, and the

∫ 𝐼𝑥%𝑎𝑐𝑐 𝑑𝑡
∫ 𝐼0%𝑎𝑐𝑐 𝑑𝑡

ratio represents the relative decrease in intensity of the donor

ion emission in the presence of the acceptor ion, which can be estimated either from the
decay kinetics or the quantum yield measurements for the donor ion.
In the case when the cooperative one-to-two energy transfer occurs, the z value
should be equal to 2.0. The case when the z value is equal to or below 1.0 should suggest
that we do not deal with the CET process and that no more than one photon from the
acceptor ions is produced at the expense of one photon from the donor ion. The
intermediate (mixed) processes (1.0<z<2.0) probably are also possible.

3.7. Samples studied in the work
The YAM:Bi3+; YAM:Bi3+,Yb3+; Gd2O3:Bi3+; Gd2O3:Bi3+,Yb3+; YAG:Bi3+;
YAG:Bi3+,Yb3+; YAG:Ce3+,Yb3+ samples in the form of powders were obtained by the
modified sol-gel (Pechini) method as described in [133–135].
The YVO4:Bi3+; YVO4:Bi3+,Yb3+; GGG:Bi3+; GGG:Bi3+,Yb3+; GGG:Bi3+,Eu3+, and
LuNbO4:Bi3+, Eu3+ samples in the form of powders were obtained by the standard solidstate reaction as described in [124,125,127,130,136].
Beside

the

powder

samples,

the

YAG:Bi3+,Yb3+,

GGG:Bi3+,Yb3+,

and

YAG:Bi3+,Ce3+,Yb3+ garnet samples in the form of single crystalline films obtained by the
liquid-phase epitaxy technique (see Ref. [135] for details) have also been studied.
The Ca3Ga2Ge3O12:Bi samples were synthesized by the dissertator by the solid-state
reaction as described below.
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3.7.1. Solid-state synthesis of the pure and Bi-doped Ca3Ga2Ge3O12 garnets
The pure Ca3Ga2Ge3O12 and Bi-doped microcrystalline powders with different bismuth
content were synthesized by the standard solid-state reaction method. The starting
materials CaCO3 (Aldrich, >99.99%), Ga2O3 (Aldrich, >99.99%), GeO2 (Aldrich,
>99.99%), and Bi2O3 (Aldrich, >99.9%) were mixed in the proportions that correspond to
the nominal compositions shown in Table 3.1. The mixture was calcined at 1250 °C for
48 h with one intermediate grinding. After synthesis, the samples were ground again to get
fine powder to be studied.

Table 3.1. The list of the studied samples.
Sample

Nominal composition

Type of doping

The temperature of
synthesis, °C

number
1

Ca3Ga2Ge3O12

non-doped

1250

2

Ca3Ga2-xGe3O12:Bi (5%)

at the expense of Ga3+

1150

Analysis of XRD patterns of the Ca3Ga2Ge3O12-based materials shows that only the
undoped sample shows the almost pure garnet structure (ICDD PDF-2 card N 11-23).
However, the traces amount of the parasitic phase, which can be identified as a Ga2O3
(PDF-2 card N 43-1012), can be detected in this sample (Fig. 3.5). In contrast, the Bidoped samples show multiphase composition. Besides the main garnet structure, these
materials contain detectable amounts of the oxides Ga2O3 and GeO2, as well as other
parasitic phases (Fig. 3.6).
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Fig. 3.5. Graphical presentation of Rietveld refinement of the undoped Ca3Ga2Ge3O12
sample (Cu Kα radiation). Experimental XRD pattern (blue circles) is shown in comparison
with the calculated pattern (black line). The difference between the measured and
calculated profiles is shown as a curve below the diagrams. Short vertical bars indicate the
positions of diffraction maxima in the garnet structure. The inset shows the Ca3Ga2Ge3O12
garnet structure as packing of linked CaO8 dodecahedra, GaO6 octahedra, and GeO4
tetrahedra.

The Ca3Ga2Ge3O12:Bi samples reveal beside the main garnet phase also the triclinic
Ca5Ge3O11 (PDF card 52–1258) and monoclinic Ga2O3 (PDF 43–1012) parasitic phases.
The full profile phase refinement and structural analysis of the studied samples led to the
following phase composition of the materials (in wt.%): 85.3(4) of Ca3Ga2Ge3O12, 10.5(1)
of Ca5Ge3O11 and 4.2(1) of Ga2O3.
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Fig. 3.6 Graphical presentation of multiphase Rietveld refinement demonstrating the
presence of the garnet (blue), Ca5Ge3O11 (red), and Ga2O3 (green) phases in the sample
with nominal composition Ca3Ga2Ge3O12:Bi(5%). Experimental XRD pattern (Co Kα
radiation, black circles) is shown in comparison with the corresponding calculated patterns.
The difference between the measured and calculated profiles is shown as a curve below the
diagrams. Short vertical bars indicate the positions of diffraction maxima in the garnet,
Ca5Ge3O11, and Ga2O3 structures. The inset shows the enlarged part of the picture.

Refined values of lattice parameters the main Ca3Ga2Ge3O12 and secondary Ca5Ge3O11
phases doped with Bi ions and unit cell volume are considerably higher than in the
undoped one, which indicates that Bi3+ substitute substantively for Ca site. The substitution
of the Ca site also indicates the increase of the Ca-O distances in the studied samples (see
[128] for details).
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Chapter 4
Down-conversion process in the Bi3+-Yb3+ and Ce3+-Yb3+ codoped phosphors
This chapter presents results of the study of the down-conversion process in a
number of oxide materials co-doped with Bi3+ (Ce3+) and Yb3+ ions. These studies have
been performed with the purpose to get an understanding of the mechanism of the downconversion energy transfer process observed in the materials. In particular, the conversion
ratio of the energy transfer was determined using the approach proposed by the dissertator
(see Section 3.6 for details). The main results of this research have been published in the
papers [134,135,137], in which the dissertator is responsible for all the luminescence
studies.

4.1. Cubic Gd2O3
Photoluminescence properties of Bi3+ ion in the cubic Gd2O3, isostructural to Y2O3,
are well known, as well as the energy transfer from Bi3+ to Yb3+ has been demonstrated
previously [119,138,139]. Owing to the fact that Y2O3 and Gd2O3 oxides were the first
ones for which the energy transfer from Bi3+ to Yb3+ was demonstrated, as well as the fact
that the cooperative energy transfer in these materials has been postulated by default (see
[35–37,45] for details), the Gd2O3 co-doped with Bi3+ and Yb3+ ions was selected by us as
a first object to check the real efficiency of the down-conversion process and the overall
quantum efficiency of luminescence in order to evaluate prospects of this material for solar
spectrum modification.
4.1.1. Gd2O3 doped with Bi3+ ions
The typical photoluminescence (PL) and photoluminescence excitation (PLE)
spectra of Gd2O3:Bi are presented in Fig. 4.1 and well agree with the literature data (see,
e.g. [119,138,139]). The PL spectra of Bi3+ ions in Gd2O3 reveal two emission bands due to
two nonequivalent cation sites in this material. The emission band at 520 nm with a larger
Stokes shift is related to Bi3+ ions in the crystal sites with C2 symmetry. At the same time,
the emission band at 417 nm is associated with Bi3+ centers in the S6 (C3i) sites. These
emission bands are due to the 3P1 → 1S0 transitions of the Bi3+ ions. The larger Stokes shift
for the Bi3+(C2) centers is conditioned by a more asymmetric environment for these cation
sites.
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Fig. 4.1. Normalized PLE (left) and PL (right) spectra of the Gd2O3:1%Bi (1200 ºC)
sample at room temperature.

In our understanding, the experimentally determined quantum yield (QY) is the
same as internal quantum efficiency, for Bi-doped Gd2O3 samples calcined at different
temperatures are presented in Table 4.1 with the visualization in Fig. 4.2. As it is shown,
the efficiency of the Bi3+ emission increases with the increase of the calcination
temperature up to 1200° C. After that, no increase of the QY value is observed. The
increasing of the grain size up to the micrometer size at 1200° C explains this behavior,
which is confirmed by the previous SEM study of these samples [133]. Further increase of
calcination temperature does not increase the QY. Therefore, we believe that the QY
values presented in Table 4.1 are characteristic for the microcrystalline or bulk material.
From this point of view, the calcination temperature of 1200°C was chosen as optimal for
the synthesis of the Gd2O3:Bi,Yb, and Gd2O3:Yb samples.
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Table 4.1. QY of Bi3+ emission in the studied Gd2O3:1%Bi samples (calcined at different
temperatures) at different excitation wavelengths.
Sample

QY (%)
λexc =330±10nm

λexc =377±8nm

λexc =275±14

Gd2O3:1%Bi (800°C)

5.4

2.0

0.4

Gd2O3:1%Bi (900°C)

6.7

3.1

0.6

Gd2O3:1%Bi (1000°C)

8.5

4.9

1

Gd2O3:1%Bi (1100°C)

14.3

7.9

1.5

Gd2O3:1%Bi (1200°C)

22.0

10.7

2.6

Gd2O3:1%Bi (1300°C)

21.4

10.9

3.1

24
exc=330nm
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exc=275nm

16
12

3+

QYBi (arb.units)

20
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1100

1200

1300

o
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Fig. 4.2. QY of Bi3+ emission in the studied Gd2O3:1%Bi samples at different excitation
wavelengths as a function of calcination temperature.

49

As it can be seen from the PL spectra shown in Fig. 4.1, the QY values measured
for Gd2O3:Bi samples are not exactly the correct QE values of the corresponding emission
center because their PL spectra slightly overlap. In order to determine the correct QE value
of each center, the PL spectra were fitted by two Gaussians centered at 417 and 517 nm. In
particular, the QE values at the level of 19.4 and 10.9% for Bi3+(C2) and Bi3+(S6) centers,
respectively, were determined for the Gd2O3:1%Bi (1200°C) sample.
As known, the unit cell of Gd2O3 contains 32 cations, where 24 of them belong to
C2 site and 8 to the S6, respectively. Knowing the QY value of each center individually, the
concentration ratio Bi3+(C2)/Bi3+(S6) can be calculated for the Gd2O3:1%Bi (1200°C)
sample. The obtained value is 3.0, which is an ideal fit to the C2/S6 centers ratio and
testifies uniform occupancy of cation cites by Bi3+ ions in the studied samples.
Our results testify that Gd2O3 is not the host with the high luminescence efficiency
of Bi3+ ions. However, we are interested in the energy transfer mechanism from Bi3+ to
Yb3+ ions and its efficiency. Therefore, the Bi3+-Yb3+ co-doped material is of interest to be
studied.

4.1.2. Gd2O3 co-doped with Bi3+-Yb3+ ions
The PL spectra of the Gd2O3:1%Bi,4%Yb (1200 ºC) sample measured under UV
excitation are presented in Fig. 4.4. Besides the Bi3+ ion emission in the VIS region of
spectra, the sample demonstrates the Yb3+ characteristic emission due to 2F5/22F7/2
transitions around 1 µm. In the PLE spectra measured at NIR emission of Yb3+ ion, the
excitation bands at 330 nm and 377 nm correspond to the excitation bands of Bi3+ ion in
the Gd2O3. The excitation band around 275 nm corresponds to Gd3+ ions absorption
(8S7/26IJ transitions). The following results confirm the energy transfer from Bi3+ to Yb3+
ions. It should be noted that higher intensity is observed when the sample is excited to
Bi3+(C2) centers, probably due to their larger occurrence in the Gd2O3 structure.
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Fig. 4.3. The relative emission intensity of the Gd2O3:1%Bi,4%Yb (1200 ºC) sample at
different excitations. The spectra are normalized to the number of absorbed photons.
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Fig. 4.4. Normalized PLE spectra of the Gd2O3:1%Bi,4%Yb (1200 ºC) sample at room
temperature.
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The PLE spectra of the resonant excitation and corresponding PL spectra of Yb3+
ion in Gd2O3 are presented in Fig. 4.5. The emission of Yb3+ consists of a characteristic
spectrum with a dominating maximum at 977 nm and a number of less intense lines due to
2

F5/22F7/2 transitions. In the excitation spectra, the most intense lines are at 910, 936, and

951 nm. The line at 914 nm used for excitation of the material for measurements of the
Yb3+ QE is also plotted in the figure for better visualization. It should be noted that the
luminescence spectra of the studied Gd2O3:Bi,Yb samples do not depend on the
wavelength of excitation (275, 330, 370, or 914 nm).
977
951
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1028
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Fig. 4.5. PLE (left) and PL (right) spectra of Yb3+ in Gd2O3 at room temperature.
Comparison of luminescence spectra for samples singly doped with Bi3+ ions and
co-doped with Yb3+ ions are presented in Fig. 4.6. As it can be seen from Fig. 4.6, the Yb3+
NIR luminescence intensity is much higher than the decreasing of the VIS luminescence of
Bi3+ ions under 275 nm excitation. As it was mentioned, the range around 275 nm
+

corresponds to Gd3 ions absorption (8S7/26IJ transitions), and the possibility of energy
transfer from Gd3+ to Yb3+ ions can be suggested. Such behavior of Bi3+ luminescence may
indicate the existence of the cooperative energy transfer under such excitation.
Simultaneously, at a direct excitation of Bi3+ ions, the increase in the Yb3+ emission
intensity is not as significant as the bismuth luminescence decrease.
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Fig. 4.6. PL spectra of the studied Gd2O3 samples (1200 ºC) for different excitation
wavelengths. The spectra are normalized to the number of absorbed photons.
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Results of the quantum yield measurements for samples doped with Bi3+ and Yb3+
ions are presented in Table 4.2. The overall quantum yield (Bi3+ and Yb3+) of the
Gd2O3:1%Bi,4%Yb sample does not exceed the quantum yield of the Gd2O3:1%Bi sample.
The exception is 275 nm excitation, but overall, QY for this excitation is too low for
practical use.

Table 4.2. The QY of the studied samples at different excitation wavelengths.
Sample

λexc (nm)

QY (%)
Bi3+ emission

Gd2O3:1%Bi (1200°C)

Gd2O3:1%Bi,4%Yb
(1200°C)

Gd2O3:4%Yb (1200°C)

Yb3+

Overall

emission

emission

275±14

2.6



2.6

377±8

10.7



10.7

330±10

22.0



22.0

275±14

1.2

3.0

4.2

377±8

8.1

1.3

9.4

330±10

12.3

8.7

21.0

914±1



36±5

36±5

914±1



34±5

34±5

In order to estimate the theoretically possible QY by the simple approach as it was
done in [35,37], the luminescence decay kinetics for the samples singly doped with Bi3+
ions and co-doped with Yb3+ ions were measured and compared (Fig. 4.7). The decay
times of the Gd2O3 sample doped with Bi3+ ion are ~464 µs and ~143 µs for Bi3+(C2) and
Bi3+(S6) centers, respectively. The sample co-doped with Yb3+ show faster decay of Bi3+
emission when compared with the sample containing only Bi3+ in the same concentration,
obviously due to the energy transfer from Bi3+ to Yb3+ ions.
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Fig. 4.7. Decay kinetics of Bi3+(C2) and Bi3+(S6) emission in Gd2O3 samples (1200 ºC)
collected at room temperature.

The integral intensities ratio I x %Yb / I 0%Yb estimated from the decay kinetics shown
in Fig. 4.7 are 0.51 and 0.75 for Bi3+(C2) and Bi3+(S6), respectively. The values of the
theoretical quantum yield ( QYBi  QYYb ) estimated assuming both  Bi and Yb equal to 1.0
are presented in Table 4.3 and well agree with literature data (see, e.g. [35,37]). It should
be stressed that such QY values are higher than 100% and strongly differ from the results
obtained from our direct measurements.
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Table 4.3. The theoretically possible QY (%) is estimated for the studied samples.
λexc = 330 nm

Sample

λexc = 377 nm

QYBi

QYBi  QYYb

QYBi

QYBi  QYYb

Gd2O3:1%Bi (1200°C)

100

100

100

100

Gd2O3:1%Bi,4%Yb (1200°C)

51

149

75

125

The convention ratio (z) values determined from the real QY values as described in
Chapter 3.6 for studied Gd2O3 samples are presented in Table 4.4. The z values are below
1.0 for both types of Bi3+ centers, indicating that the cooperative energy transfer from one
Bi3+ ion to two Yb3+ ions most probably does not take place in the studied Gd2O3 samples.
Table 4.4. The estimated and measured QY (%) of Yb3+ down-conversion emission for the
studied Gd2O3:1%Bi,4%Yb (1200 ºC) sample.
λexc (nm)

330
377

Measured QY of

Measured QY of

Estimated value of

Yb3+ emission at

Yb3+ emission at

NIR excitation

UV excitation

(Yb )

( QYYb )

34±5

8.7

16.7±2.5

0.5±0.1

1.3

8.5±1.3

0.15±0.02



Yb 1 



I
I

Conversion

dt 

0%Yb dt 

ratio

x %Yb

(z)

4.2. Tetragonal zircon-type YVO4
Another object for which we decided to check the real efficiency of the downconversion process was YVO4:Bi,Yb of the zircon-type structure. The yttrium
orthovanadate (YVO4) is of particular interest as the quantum efficiency of the visible
Bi3+-related emission under UV excitation in this host can be as high as 90% [106].
4.2.1. Bi3+-doped YVO4
Room temperature PL and PLE spectra of YVO4 singly doped with Bi3+ are
presented in Fig. 4.8. These spectra match well the results reported before for this material
(see, e.g. [69,140,141]) and reveal a broad emission band in the visible range with the
maximum at 570 nm and a double excitation band with maxima at 275 and 330 nm. The
emission band with a maximum at 570 nm, which is independent of excitation wavelength,
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most probably is attributed to excitons localized near isolated Bi3+ ions and/or Bi3+Bi3+
pairs (see [94,117] and references therein). The excitation band at 275 nm is caused by the
spin-forbidden transition in VO43- groups (1A11T1), while the 330 nm band corresponds
to the absorption of Bi3+-V5+ complex due to metal-to-metal charge-transfer transition or
alternatively corresponds to the transitions from the 1S0 ground state to the 3P1 excited state
of the Bi3+ ions [120,124].
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Intensity (arb.units)

exc=330nm
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Fig. 4.8. Normalized PLE (left) and PL (right) spectra of the YVO4:1%Bi sample at room
temperature.
4.2.2. YVO4 co-doped with Bi3+ and Yb3+ ions
The Bi3+Yb3+ co-doped YVO4 samples under UV excitation, besides the visible
emission related to Bi3+ ions around 570 nm, demonstrate a characteristic emission of Yb3+
ions (2F5/22F7/2) around 1 μm as shown in Fig. 4.9. This testifies unambiguously the
excitation energy transfer from Bi3+ to Yb3+ ions. It is noteworthy that the excitation
spectrum in the UV region, when the Yb3+ emission in the near-IR region is monitored,
repeats the excitation spectrum of the visible emission related to Bi3+ ions (see Fig. 4.10).
Precise results of quantum yield measurements for the studied samples singly
doped with Bi3+ and doubly doped with Bi3+ and Yb3+ under different excitation
wavelengths are presented in Table 4.5. It should be noted immediately that the overall
yield (Bi3+ and Yb3+) for the YVO4:1%Bi,4%Yb sample does not exceed the yield of Bi3+
alone in the YVO4:1%Bi sample.
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Fig. 4.9. PL spectra of the studied YVO4 samples at different excitation wavelengths. The
spectra are normalized to the number of absorbed photons.
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Fig. 4.10. Normalized PLE spectra of the YVO4:1%Bi,4%Yb sample at room temperature.
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Table 4.5. The QY of the studied samples at different excitation wavelengths.
λexc (nm)

Sample

QY (%)
Bi3+ emission

Yb3+ emission

Overall
emission

YVO4: 1%Bi

YVO4:

1%Bi,

4%Yb

275±14

40.6±1.3

----

40.6±1.3

330±14

51.1±1.5

----

51.1±1.5

275±14

16.1±0.2

3.8±0.3

19.9±0.5

330±14

22.1±0.5

4.7±0.5

26.8±1.0

950±4

----

10.3±3.6

10.3±3.6

The conversion ratio (z) values for the studied YVO4 samples are presented in
Table 4.6. The obtained z values below 1.0 suggest that similarly to Gd2O3:Bi,Yb, we most
probably do not deal with the quantum cutting case, for which two photons from Yb3+ are
produced at the expense of one photon from Bi3+. In this case, phonons should play an
important role in such non-cooperative (from one Bi3+ to one Yb3+ ion) energy transfer to
fill the large energy gap between the emitting levels of Bi3+ and Yb3+ ions.
Table 4.6. The estimated and measured QY (%) of Yb3+ down-conversion emission for the
studied YVO4: 1%Bi, 4%Yb sample.
λexc (nm)

275
330

Measured QY of

Measured QY of

Estimated value of

Conversion

Yb3+ emission at

Yb3+ emission at

ratio

NIR excitation

UV excitation

(Yb )


 I x%Yb dt 
Yb 1 

I
dt 
  0%Yb 

( QYYb )

10.3±3.6

3.8±0.3

6.2±2.2

0.6±0.2

4.7±0.5

5.9±2.1

0.8±0.3
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(z)

4.3. Monoclinic yttrium-aluminum oxide (Y4Al2O9)
Luminescence properties of Bi3+ ions in monoclinic yttrium-aluminum oxide
(YAM) were studied previously (see [133,142] for details). The feature of the YAM host is
four nonequivalent crystallographic positions of Y3+ ions. When YAM is doped with Bi3+
ions, four different Bi3+ centers are observed as well [133]. It is of interest to examine the
energy transfer process in this material co-doped with Bi3+ and Yb3+ ions.
4.3.1. Y4Al2O9 (YAM) doped with Bi3+ ions
The PL and PLE spectra of YAM doped with Bi3+ measured at room temperature
are presented in Fig. 4.11, which are well agreed with the result reported previously for this
material [133]. The observed excitation (around 300 nm) and emission (around 400 nm)
correspond to the transitions between the 1S0 ground state and the 3P1 excited state of the
Bi3+ ion and consist of four components that are clearly resolved in the time-resolved mode
[133]. The intensity of each Bi3+ center emission is commensurable (see [142] for details),
indicating an almost uniform distribution of these centers. The excitation and emission of
center I (with an excitation maximum at 278 nm and emission maximum at 360 nm) can be
clearly resolved even at room temperature, as can be seen from Fig. 4.11. The excitation
peak at 290 nm is observed when Bi3+ emission is monitored integrally from 350 nm to
550 nm.
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Fig. 4.11. Normalized PLE (a) and PL (b) spectra of the YAM:0.5%Bi sample at room
temperature. The normalized PLE spectrum of the YAM:0.5%Bi,4%Yb sample at integral
registration in the range of 9001000 nm is also presented in (a) for comparison.

The values of QY measured for the YAM:0.5%Bi sample at different excitation
wavelengths are presented in Table 4.7. The highest QY value of about 55% was obtained
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under 305 nm excitation. The lower QY value of about 42% is obtained under 295 nm
excitation, which is close to the maximum value of QY measured for this sample. Such
behavior indicates that the QY value of different centers is not the same. The even lover
QY values were obtained for 280 and 320 nm excitation.
Table 4.7. QY of the Bi3+ emission measured in YAM:0.5%Bi at different excitation
wavelengths.
λexc (nm)

λem (nm)

Measured QY (%)

280±10

310550

31

295±10

310550

42

305±10

320550

55

320±10

330550

38

4.3.2. YAM co-doped with Bi3+ and Yb3+ ions
The PL spectra of the studied YAM samples co-doped with Bi3+ and Yb3+ are
presented in Figs. 4.12 and Fig. 4.13. The Yb3+ ions in the YAM matrix show the
characteristic emission around 1 μm that is observed along with the VIS Bi3+ emission
around 400 nm under UV excitation and testify the energy transfer from Bi 3+ to Yb3+ ions.
It should be noted that energy transfer occurs mainly from one Bi 3+ center, with an
excitation maximum near 280 nm. This can be clearly seen from PLE spectra in the UV
region when the Yb3+ emission in the near-IR region is monitored (see Fig. 4.12a) as well
as from the PL spectra shown in Fig. 4.13 and 4.14. Namely, the intensity of Yb is the
highest at 280 nm excitation. Such behavior is caused apparently by different Bi(Y) –
Yb(Y) distances for different Y sites in YAM structure.
The structure of the Bi3+ emission is changing with increasing Yb content, and the
overall Bi3+ emission maximum shifts to lower energies (Fig. 4.13). This means that the
Yb3+ ions cut off the higher energy part of the overall Bi3+ emission related with the Bi3+
center excited at 280 nm.
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The PL and PLE spectra of the near-IR Yb3+ emission in YAM are presented in
Fig. 4.14. The most intense narrow emission line is located at 975 nm, with a number of
the less intense ones. As for the other samples, the shape of the PL spectrum does not
depend on the excitation wavelength, whether related to Bi3+ in the UV region or Yb3+
intra-center excitation in the near-IR region. The PLE spectrum of Yb3+ in the near-IR
region measured below 975 nm is shown in Fig. 4.14 and contains the most intense peak at
925 nm.
a)
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Fig. 4.12. PL spectra of the studied YAM:Bi,Yb samples under 305±10 nm excitation (the
intensity in the 9001150 nm range is multiplied by 5). The spectra are normalized to the
number of absorbed photons.
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Fig. 4.13. PL spectra of the studied YAM:Bi,Yb samples under 280±10 nm excitation. The
spectra are normalized to the number of absorbed photons.
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Fig. 4.14. PLE (left) and PL (right) spectra of Yb3+ in the YAM:0.5%Bi,2%Yb sample at
room temperature.

The QY values measured under 305 nm and 280 nm excitation for studied samples
are presented in Table 4.8, with visualization in Fig. 4.15. The highest value of QY under
UV excitation was obtained for the YAM:0.5%Bi,4%Yb sample. It should be noted that
the QY values measured under UV excitation of Yb3+ emission are smaller than the QY
losses of Bi3+ ion due to the energy transfer to Yb ions in all studied samples. So, in all the
studied samples, the overall QY in the 320-1150 nm range does not exceed the QY of the
Bi3+ alone (see Table 4.8).
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Fig. 4.15. The QY of Bi3+ and Yb3+ emission under UV excitation in the YAM:0.5%Bi,Yb
samples as a function of Yb content.
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Table 4.8. Results of direct measurements of QY (%) of YAM:Bi,Yb.
λexc=925 nm
λexc=305 nm (bandwidth 10 nm)

λexc=280 nm (bandwidth 10 nm)

(bandwidth
14 nm)

Overall

Sample
3+

3+

3+

Overall
3+

3+

3+

Bi emission

Yb emission

(Bi and Yb )

Bi emission

Yb emission

(Bi and Yb3+)

Yb3+ emission

(325550 nm)

(9001150 nm)

emission

(325550 nm)

(9001150 nm)

emission

(9351150 nm)

(3201150 nm)

3+

(3201150 nm)

YAM: 0.5%Bi

54.9

–

54.9

31.0

–

–

YAM: 0.5%Bi, 1%Yb

41.6

1.4

43.0

24.6

0.8

25.4

65±30

YAM: 0.5%Bi, 2%Yb

37.7

1.8

39.5

22.2

2.2

24.4

50±20

YAM: 0.5%Bi, 4%Yb

37.4

2.1

39.5

21.3

3.3

24.6

35±20

YAM: 0.5%Bi, 8%Yb

30.3

1.3

31.6

19.3

1.6

20.9

14±6

YAM: 1%Bi, 2%Yb

35.0

2.1

37.1

22.6

2.3

24.9

YAM: 2%Bi, 2%Yb

29.5

1.6

31.1

17.6

2.4

20.0

YAM: 5%Bi, 2%Yb

8.8

0.6

9.4

4.8

2.2

7.0

YAM: 0.5%Bi, 20%Yb

22.2

0.4

22.6

9.5

0.2

9.7

5±3

YAM: 0.5%Bi, 40%Yb

12.3

0.1

12.4

4.2

0.05

4.3

2±2

In order to determine the conversion ratio of the studied samples, the luminescence
decay kinetics of the studied samples with 0.5% of Bi and different Yb content were
measured for different Bi centers (Fig. 4.17). The observed integral intensity decreasing of
the luminescence decays due to energy transfer to Yb ions is observed for all centers and
gradually increases with increasing Yb content. However, this effect depends on the
excitation wavelength. The most significant effect is monitored for 264 nm excitation and
the 360 nm emission (Fig. 4.17a). This confirms our previous conclusion about the
efficiency of energy transfer from different Bi centers. The smallest effect is observed
under 304 nm excitation and integral observation in the 350-550 nm range (corresponding
to the collective output from all Bi centers in the material).
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Fig. 4.16. The normalized QY of Bi3+ ( QYBi ) for the YAM:0.5%Bi,Yb samples as a
function of Yb content: measured directly as QY (1, 2) and calculated from the decay
kinetics of the Bi3+ emission (3, 4, 5).
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Fig. 4.17. Decay kinetics of the Bi3+ emission in the YAM:0.5%Bi,Yb samples were
collected at room temperature at different excitation and emission wavelengths.
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The convention ratio (z) values determined from the real QY values for studied
YAM:0.5%Bi,Yb samples are presented in Table 4.9. All z values are below 1.0, indicating
that the cooperative energy transfer from one Bi3+ ion to two Yb3+ ions does not take place
in the studied YAM materials.
Table 4.9. Comparison of the estimated and measured QY (%) of the Yb3+ emission under
UV excitation (λexc =305 nm) in the studied YAM:0.5%Bi,Yb samples.
Sample

Measured QY

Estimated value

Measured

Conversion

of the Yb3+

of

QY of the

ratio

emission at


 I x%Yb dt 
Yb 1 

I
dt 
  0%Yb 

Yb3+

(z)

λexc=925 nm
(Yb )

emission at
λexc=305 nm
( QYYb )

YAM: 0.5%Bi, 1%Yb

65±30

2.0±0.93

1.4

0.69±0.31

YAM: 0.5%Bi, 2%Yb

50±20

4.3±1.72

1.8

0.41±0.16

YAM: 0.5%Bi, 4%Yb

35±20

5.5±3.13

2.1

0.38±0.21

YAM: 0.5%Bi, 8%Yb

14±6

2.8±1.21

1.3

0.45±0.19

YAM:0.5%Bi,20%Yb

5±3

1.9±1.12

0.4

0.21±0.12

YAM:0.5%Bi,40%Yb

2±2

1.3±1.29

0.1

0.07±0.07

4.4. Yttrium aluminum (YAG) and gadolinium gallium (GGG) garnets
The Bi3+ absorption band due to the 1S0-3P1 transition in the garnets is located at
somewhat higher energies compared to the YAM material (see, e.g. [133]). It is of interest
to verify the possibility of cooperative energy transfer in such materials, as YAM showed
higher energy transfer efficiency from the Bi3+ center, which absorbs at higher energies.
Besides, it is known that garnets reveal two types of Bi3+-related emissions observed in UV
and visible spectral ranges [143]. Therefore, it is of interest to examine the energy transfer
process observed in the garnets co-doped with Bi3+ and Yb3+ ions. These studies were done
on two sets of samples, the microcrystalline powders and thin single crystalline films
grown by the liquid phase epitaxy method (see Chapter 3.6 for details).
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4.4.1. Y3Al5O12 and Gd3Ga5O12 doped with Bi3+ ions
The PL and PLE spectra of the studied Y3Al5O12 (YAG) and Gd3Ga5O12 (GGG)
samples doped with Bi are presented in Fig. 4.18. The PL spectra of YAG:Bi consists of
UV emission band at 303 nm caused by the intracenter 3P1→1S0 transition in regular
(isolated) Bi3+ ion as well as VIS emission band at 430 nm due to excitons localized near
isolated Bi3+ ions and/or Bi3+−Bi3+ pairs [144]. The VIS Bi3+ luminescence in YAG has a
higher relative intensity in the studied epitaxial films than in the studied powders. This
probably can be caused by the smaller concentration of Bi3+ ions in the studied powder
samples.1 The PL spectra of Bi-doped GGG epitaxial films do not reveal the intracenter
UV emission of Bi3+ ions and reveal only the visible emission band at 475 nm. This is
caused by a smaller band gap of GGG than YAG (the excited 3P states in GGG are located
at the conduction band) and is consistent with the literature data [144].

Fig. 4.18. PLE (left) and PL (right) spectra of Bi3+ ions in the YAG:Bi(1%) powder
sample, YAG:Bi, and GGG:Bi epitaxial films at room temperature.

1 Regardless the nominal concentration of Bi in the studied YAG powder sample is 1at/%, the real
concentration can be much lower because of evaporation of bismuth oxide during the synthesis (see also
[145]).
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4.4.2. YAG and GGG co-doped with Bi3+ and Yb3+ ions
The Bi3+Yb3+ co-doped GGG and YAG samples under UV excitation, beside the
visible emission related to Bi3+ ions, reveal a characteristic emission of Yb3+ ions
(2F5/22F7/2) around 1 μm as are presented in Fig. 4.19. Such behavior testifies the energy
transfer from Bi3+ to Yb3+ ions. The PLE spectra monitored at the Yb3+ emission are
presented in Fig. 4.20. It should be noted that PLE spectra of the epitaxial films in the UV
region are misshaped due to the strong absorption of the Bi3+ ions.
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Fig. 4.19. PL spectra of YAG:Bi,Yb (a) and GGG:Bi,Yb (b) samples. The spectra are
normalized to the number of absorbed photons.
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Fig. 4.20. Typical PLE spectra of the YAG:Bi,Yb, GGG:Bi,Yb, and YAG:Bi,Ce,Yb
epitaxial films at room temperature.

The YAG and GGG garnets doped with Yb3+ ions show the characteristic spectrum
with the dominant line at 1030 nm (YAG) or 1025 nm (GGG) (Fig. 4.21). The most
intense excitation lines are located at 915, 940, and 968 nm (YAG) and 919, 942, 970 nm
(GGG) (Fig. 4.21). The excitation line 914 nm used for the QY measurements of the Yb3+
emission is shown in Fig. 4.21 for clarity.
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Fig. 4.21. PLE (left) and PL (right) spectra of Yb3+ in YAG (a) and GGG (b) at room
temperature.
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The results of quantum yield measurements for the studied garnet samples
measured for different excitations are presented in Tables 4.10 and 4.11. It should be noted
that the overall quantum yield (Bi3+ and Yb3+ emission) is commensurable or somewhat
higher than in the corresponding samples doped only with Bi3+. Note that such
correspondence was not achieved in the Bi3+-Yb3+ co-doped materials described above. At
the same time, the maximal value of QY for the YAG and GGG samples singly doped with
Bi3+ ions is 24÷26%.
The conversion ratio (z) values determined for the studied garnet samples are
presented in Table 4.12. All the studied YAG and GGG samples co-doped with Bi3+-Yb3+
ions show the conversion ratio larger than 1.0 and even close to 2.0. These results testify
unambiguously to the cooperative energy transfer from one Bi3+ ion to two Yb3+ ions in
YAG and GGG.
The lowest energy emission of the Bi3+ in the garnets is located at 440-480 nm (just
above twice the energy of the Yb3+ ion excitation bands at 920-980 nm). So, in the most
straightforward approach, it just simply allows the quantum-cutting phenomena at Bi3+Yb3+ doped garnets. However, the overall quantum yield of the Yb3+ and Bi3+ emissions
under UV excitation in the YAG and GGG garnets is not high to have an interest for
practical application. This is caused by the relatively low quantum yield of both the Bi 3+related emission and Yb3+ ions emission in the studied materials.
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Table 4.10. QY values of YAG samples at different excitation wavelengths.
Sample

λexc (nm)

QY (%)
Bi3+ and/or

Yb3+

Overall

Ce3+ emission

emission

emission

YAG:Bi (Yb-00(1) film)

270±14

24±2



YAG:Bi (Yb-00(2) film)

270±14

26±2



YAG:Bi,Yb (YYb-1 film)

270±14

1.6±0.8

22.5±5

914±1



17.3±4

270±14

2.2±0.9

26.4±2

914±1



15.3±2

270±14

2.1±0.9

28.1±2

914±1



15.7±2

YAG:Ce(1%) single crystal

455±10

78±2



YAG:Bi,Ce,Yb (2YYb-1 film)

270±14

1.2±0.8

26.0±2

27.2±3

455±10

0.9±0.6

12.6±2

13.5±3

914±1



16.0±4

270±14

0.5±0.5

21.2±4

21.7±5

455±10

0.7±0.5

11.0±2

11.7±3

914±1



17.5±4

YAG:Bi(1%) powder

270±14

21±2



YAG:Bi(1%),Yb(8%) powder

270±14

9±1

23.9±2

914±1



20±2

YAG:Ce(1%) powder

455±10

38±2



YAG:Ce(1%),Yb(2%) powder

455±10

13.0±2

1.7±0.5

914±1



34.1±3

455±10

3.1±0.9

2.6±0.7

914±1



19.0±3

455±10

1.5±0.6

0.5±0.3

914±1



21.5±3

YAG:Bi(1%),Ce(1%),Yb(4%)

270±14

1.0±0.5

12.6±2

13.6±3

powder

455±10

5.2±1

3.0±0.7

8.2±2

914±1



34.0±4

YAG:Bi,Yb (YYb-2 film)

YAG:Bi,Yb (YYb-3 film)

YAG:Bi,Ce,Yb (3YYb-1 film)

YAG:Ce(2%),Yb(4%) powder

YAG:Ce(1%),Yb(8%) powder
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24.1±6
28.6±3
30.2±3

32.9±3

14.7±3
5.7±2
2.0±1

Table 4.11. QY values of GGG samples at different excitation wavelengths.
Sample

λexc (nm)

QY (%)
Bi3+

Yb3+

Overall

emission

emission

emission

GGG:Bi (GG-1 film)

300±14

24±2



GGG:Bi (GG-2 film)

300±14

22±2



GGG:Bi,Yb (GGYb-1 film)

300±14

5.6±0.5

21.6±2

914±1



18.0±2

300±14

4.2±0.5

23.9±2

914±1



19.0±3

300±14

7.6±0.6

27.8±2

914±1



20.3±2

GGG:Bi,Yb (GGYb-2 film)

GGG:Bi,Yb (GGYb-3 film)

27.2±3

28.1±3

35.4±3

Table 4.12. Comparison of the estimated and measured QY (%) of Yb3+ down-conversion
emission in Bi co-doped samples.
Sample

Measured QY of

Measured QY of

Estimated value of

Conversio

Yb3+ at λexc=914

Yb3+ at λexc=270

n ratio

nm

nm

( Yb )

( QYYb )


 I x%Yb dt 
Yb 1 

I
dt 
  0%Yb 

20±2

23.9±2

11.4±1.7

2.1±0.4

YAG:Bi,Yb (YYb-1 film)

17.3±4

22.5±5

16.2±3.8

1.4±0.5

YAG:Bi,Yb (YYb-2 film)

15.3±2

26.4±2

14.0±1.9

1.9±0.3

YAG:Bi,Yb (YYb-3 film)

15.7±2

28.1±2

14.4±1.9

2.0±0.3

YAG:Bi,Ce,Yb

16.0±4

26.0±2

15.2±3.8

1.7±0.4

17.5±4

21.2±4

17.1±3.9

1.3±0.4

GGG:Bi,Yb (GGYb-1 film)

18.0±2

21.6±2

13.6±1.6

1.6±0.3

GGG:Bi,Yb (GGYb-2 film)

19.0±3

23.9±2

15.5±2.5

1.5±0.3

GGG:Bi,Yb (GGYb-3 film)

20.3±2

27.8±2

13.6±1.6

2.0±0.3

YAG:Bi(1%),Yb(8%)

(z)

powder

(2YYb-1 film)
YAG:Bi,Ce,Yb
(3YYb-1 film)
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4.4.3. YAG co-doped with Ce3+ and Yb3+ ions
The Ce3+ ion is a well-known dopant for YAG due to the high quantum yield of its
luminescence (up to 90%) [58,61]. From this point of view, a possible down-conversion
process in the Ce3+Yb3+ co-doped YAG looks very attractive.
Indeed, our measurements reveal an energy transfer from Ce3+ to Yb3+ in YAG
samples, with a characteristic emission of Yb3+ ions near 1 μm under excitation to Ce3+ 4f5d absorption bands at 340 or 458 nm (Fig. 4.22).
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70
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Fig. 4.22. PL spectra of YAG:Bi,Yb (a), GGG:Bi,Yb (b) and YAG:Ce,Yb (c) samples. The
spectra are normalized to the number of absorbed photons.

Our results of QY measurements are presented in Table 4.13. Similarly, as it was
done for the Bi3+-Yb3+ co-doped materials, the conversion ratio has been determined for
various kinds of Ce3+-Yb3+ co-doped YAG samples.
The conversion ratio value obtained for the Ce3+ co-doped YAG samples (Table
4.14) is below 1.0. This suggests that we do not deal with the quantum cutting mechanism,
for which two photons from Yb3+ are produced at the expense of one photon from Ce3+. It
should be mentioned that this conclusion is in agreement with the results obtained by the
Monte Carlo simulations for the cooperative quantum cutting mechanism method for the
Ce3+-Yb3+ co-doped YAG [51].
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Table 4.13. QY values of YAG samples at different excitation wavelengths.
Sample

λexc (nm)

QY (%)
Ce3+ emission

Yb3+ emission

Overall
emission

YAG:Ce(1%) powder

455±10

38±2



YAG:Ce(1%),Yb(2%)

455±10

13.0±2

1.7±0.5

powder

914±1



34.1±3

YAG:Ce(2%),Yb(4%)

455±10

3.1±0.9

2.6±0.7

powder

914±1



19.0±3

YAG:Ce(1%),Yb(8%)

455±10

1.5±0.6

0.5±0.3

powder

914±1



21.5±3

14.7±3

5.7±2

2.0±1

Table 4.14. Comparison of the estimated and measured QY (%) of Yb3+ down-conversion
emission in Ce co-doped samples.
Sample

YAG:Ce(1%),Yb(2%)

Measured QY

Measured QY

Estimated value

Conversion

of Yb3+ at

of Yb3+ at

of

ratio

λexc=914 nm

λexc=455 nm

(z)

(Yb )

( QYYb )


 I x%Yb dt 
Yb 1 

I
dt 
  0%Yb 

34.1±3

1.7±0.5

22.4±2.7

0.08±0.02

34.0±4

3.0±0.7

29.3±3.6

0.10±0.03

19.0±3

2.6±0.7

17.5±2.8

0.15±0.05

21.5±3

0.5±0.3

20.7±2.9

0.02±0.01

powder
YAG:
Ce(1%),Bi(1%),Yb(4%)
powder
YAG:Ce(2%),Yb(4%)
powder
YAG:Ce(1%),Yb(8%)
powder
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Conclusions to the Chapter 4
The performed luminescence studies of the Bi3+Yb3+ co-doped Gd2O3, YVO4,
YAM, YAG, and GGG, and Ce3+Yb3+ co-doped YAG phosphors in the form of powders
and single crystalline films confirm the excitation energy transfer from Bi 3+ (Ce3+) to Yb3+
ions. However, the cooperative energy transfer was confirmed not for everyone.
Obtained results show that the energy transfer process in Gd2O3:Bi,Yb,
YAM:Bi,Yb, YVO4:Bi,Yb, and YAG:Ce,Yb is non-cooperative, i.e., a common downshifting mechanism occurs in these materials. At the same time, for the YAG:Bi,Yb and
GGG:Bi,Yb garnets the cooperative energy transfer process from one Bi3+ ion to two Yb3+
ions was proved. However, the overall quantum yield of the Yb3+ and Bi3+ emissions under
UV excitation in the studied garnets is not high to have an interest for practical application.
This is caused by the relatively low quantum efficiency of both the Bi3+-related emission
and Yb3+ ions emission in the studied materials.
It is of interest to note that the cooperative energy transfer is equally effective for
YAG and GGG compounds. Common is that the maximum of the lowest-energy emission
related to Bi3+ in garnets is located at 440–480 nm (slightly above twice the energy of Yb3+
excitation bands at 920–980 nm). In the most straightforward approach, it just permits the
quantum cutting process in Bi3+–Yb3+ co-doped garnets to take place. Such resonance
energy coincidence occurs neither in Ce3+–Yb3+ co-doped YAG nor in Bi3+–Yb3+ co-doped
Y4Al2O9, YVO4, and Gd2O3 studied here. Such behavior allows making a conclusion on
the necessary condition for the future search of the materials with the cooperative energy
transfer. Namely, the maximum of Bi3+-related emission must be slightly above the double
of Yb3+ excitation bands at 920–980 nm.
Our results testify that the double doped ionic-like phosphor to be possibly
applicable for solar spectrum modification via down-conversion mechanism should exhibit
a proved one-to-two quantum cutting process as well as relatively high quantum efficiency
of emission of both the donor and acceptor ions. Only fulfillment of these conditions gives
a chance to get the down-converting phosphor with the real overall quantum yield of more
than 100% under UV excitation.
The procedure used in this study can also be applied to other systems proposed for
quantum cutting since it provides a method for determining the real efficiencies of this
process instead of the estimation derived from the decay kinetics of the energy donor (Bi3+
in this case) alone. Such a procedure is much more reliable.
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Chapter 5
Spectroscopic studies of Bi3+-doped Сa3Ga2Ge3O12 garnet
This chapter presents the possibility of Bi3+ activation in Ca3Ga2Ge3O12 garnet in order
to create a phosphor probably suitable for WLEDs. These studies have been performed
with the purpose to get an understanding of the mechanism of the Bi3+ luminescence in the
Ca3Ga2Ge3O12 garnet. Up to the start of these studies, to our knowledge, there were no
studies of Bi3+ luminescence in this material, except the only one cursory study in the
context of co-doping of Cr3+ [146].
So, the Ca3Ga2Ge3O12 (CGGG), both pure and Bi-doped, were chosen to be studied
experimentally. Ca3Ga2Ge3O12 garnet as a host lattice is of interest because it does not
contain rare-earths and has a low melting point (Tmelt = 1370 °C), therefore it should be
simple and cheap in synthesis. It is known that the undoped material possesses a broad
defect-related absorption and luminescence [147,148], and it is of interest to know how the
native defects will coexist with Bi3+ dopant. The main results of our research have been
published in the papers [128,129], in which the dissertator is responsible for the synthesis
of the studied samples (see Chapter 3 for details) and their luminescence studies.

5.1 Photoluminescence characteristics under the steady-state excitation
The room-temperature photoluminescence (PL) spectra of the undoped CGGG
microcrystals reveal a broad emission band with a maximum of 2.77 eV (450 nm) when
excited at 4.8 eV (260 nm) (Fig. 5.1). This luminescence band of the undoped material was
attributed previously to the native defects emission [147,148]. The photoluminescence
excitation (PLE) band maximum near 4.9 eV (~250 nm) is caused by the trap level, which
is located ∼ 0.5 eV below the bottom of the conduction band [147].
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Fig. 5.1. Normalized PL and PLE spectra of undoped CGGG microcrystals at room
temperature.

At 4.2 K, besides the defects-related emission band with a maximum located at
3 eV (~415 nm) (Fig. 5.2), an additional broad emission band with some narrow lines
appears at about 1.79 eV (~693 nm). The photoluminescence excitation spectrum of this
emission registered in the narrow line at 1.78 eV consists of the broad and complex band
with pronounced maxima at 3.82 eV (325 nm) and 3.35 eV (370 nm), as well as a much
smaller intensity band at 2.4 eV. Whereas, when measured at 1.92 eV (645 nm) (on the
side from the narrow line at 1.79 eV), the photoluminescence excitation spectrum consists
of the main 4.3 eV (~290 nm) and a weaker 3.5 eV (~355 nm) excitation bands. Owing to
the structure of this red emission and corresponding excitation spectra, we attribute it to
unintentional impurity ions of Cr3+ and Mn4+ [146]. In particular, the structureless broad
emission band can be attributed to the Cr3+ ion (transition 4T24A2) in the crystal field of
octahedral (GaO6) symmetry and low crystal field strength. In contrast, the narrow line at
1.79 eV corresponds to Mn4+ ion (transition 2E4A2 owing to larger crystal field strength)
also located in the GaO6 octahedra. The defects-related emission excitation band at 3 eV is
located at 4.95 eV, like at room temperature.
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Fig. 5.2. The steady-state emission and excitation spectra of undoped CGGG were
measured at 4.5 K.

The photoluminescence excitation and emission spectra measured at room
temperature for the Bi-doped CGGG sample are presented in Fig. 5.3. In the PLE spectrum
measured for the 2.7 eV (460 nm) emission, a new excitation band at 4.45 eV (~280 nm)
appears, which is apparently due to the 1S03P1 transitions of Bi3+ ion. When excited at
4.45 eV, three emission bands can be revealed: the narrower band with a maximum at 3.96
eV (313 nm) and two less intensive broad bands at about 3.4 eV (364 nm) and 2.7 eV.
The wavelength-resolved photoluminescence and photoluminescence excitation
spectra of the Bi-doped CGGG sample measured both at the room, and low temperatures
are shown in Figs. 5.3-5.5. The PLE spectrum monitored at 2.77 eV shows the excitation
band peaking at 4.37 eV, which can be assigned to the A absorption band of Bi3+ ion that
agrees with results reported in Ref. [146]. The broad emission line at 2.77 eV is shifted
towards lower energies when compared with the undoped CGGG sample. This shift can be
explained by the appearance of a new broad emission band related to Bi3+ doping.
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Fig. 5.3. Normalized PL and PLE spectra of the Bi-doped CGGG sample at room
temperature.
At 4.2 K, besides the main Bi3+-related band located at 3.96 eV (Fig. 5.4), an
additional band located at 3.06 eV (~400 nm) is also observed in the emission spectrum of
the studied CGGG:Bi powders. The full width at half maximum (FWHM) of the 3.96 eV
emission band is 0.342 eV, and the Stokes shift (S) is 0.52 eV. The FWHM of the 3.06 eV
emission is 0.27 eV is similar to 3.96 eV. The relatively small FWHM and S values are
usually characteristics of the RES Bi3+ ion emission (see Ref. [94] for details). The 3.06 eV
and 3.96 eV can be attributed to the Bi3+ ion emission. The 3.06 eV emission can arise
from the Bi3+-doped parasitic phase of Ca5Ge3O11 whose presence in the investigated
material was confirmed by the XRD method (see Ref. [128] for details).
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Fig. 5.4. PL spectra for the Bi-doped CGGG sample measured at 4.5 K at the excitation
energies Eexc as indicated.
The photoluminescence excitation spectra of the Bi3+-doped CGGG sample
measured at 4.5 K are presented in Fig. 5.5. For the 3.06 eV emission band, the main
excitation 4.45 eV band and a weaker excitation band around 5 eV are observed. The
excitation spectrum for the 3.96 eV luminescence consists only of one excitation band
located at 4.37 eV. On the other hand, the 2.5 eV emission has few excitation bands at
5 eV, 4.7 eV, 4.45 eV, and 4.3 eV. These bands can be attributed to the appropriate defect
levels in the host.
Similarly, as the undoped CGGG sample, the Bi-doped CGGG sample also reveals
the unintentional doping by Mn4+ ions that is visible as the narrow lines at about 1.78 eV
(~693 nm). The photoluminescence excitation spectra of this emission have almost the
same structure as in the undoped sample and consist of the same maxima at 2.4 eV,
3.82 eV, and 3.35 eV. This confirms an energy transfer from Bi3+ to Mn4+ ions.
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Fig. 5.5. PLE spectra for the Bi-doped CGGG sample measured at 4.5 K at the emission
energies Eem as indicated.

5.2. Luminescence decay kinetics, time-resolved emission and excitation spectra
The time-resolved emission spectra measured at 4.2 K for 4.9 eV excitation are
presented in Fig. 5.6. It is evident that the broad luminescence of pure CGGG consists at
least of three broad bands with the decay times () of about 11 s, 208s, and 12 ms. The
maxima of the components do not coincide and are peaking at 3.11, 3.05, and 2.7 eV. The
appearance of the three emission bands can be related to at least three different types of
defects responsible for the emission.
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Fig. 5.6. a) The decay curve and (b) normalized time-resolved emission spectra of separate
decay components (indicated in the legend) of the main 2.74 eV emission of
Ga3Ga2Ge3O12 measured at 4.2 K for Eem = 2.88 eV under excitation with Eexc = 4.96 eV.
The luminescence decay times of the undoped CGGG sample do not change with
temperature up to 120 K (Fig. 7.7). This behavior of the decay times indicates that no
emission band in this spectral range can be ascribed to the exciton-related emission as it
was observed, e.g., in [94]. Most probably, this luminescence is due to the charge transfer
from the valence band to an intrinsic defect level and the subsequent electron-hole
recombination accompanied by the luminescence. The slowest component of the observed
emission at T < 100 K can arise from tunneling transitions in more or less separated pairs
of the recombining electron and hole centers responsible for the lowest-energy component
of the intrinsic emission band (2.7 eV, see Fig. 5.6(b), blue triangles).
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Fig. 5.7. Temperature dependences of the decay times of different decay components of
the main ≈2.74 eV emission of Ga3Ga2Ge3O12 measured under excitation with
Eexc = 4.96 eV.

The luminescence decay curves for impurity ions of Cr3+ and Mn4+ in undoped
CGGG sample are presented in Fig. 5.8. The luminescence decay curve for 1.79 eV
emission consists of one exponent with the decay time τ of about 1.56 ms at 4.2 K. From
the shape of the luminescence excitation, luminescence spectra, and luminescence decay
time, we can make a conclusion that the emission at 1.79 eV is caused by the Mn4+
impurity. On the other hand, the broad emission band at 1.92 eV that consists of at least
three exponents with decay times τ of about 2.1 ms, 4.6 ms, and 26.9 ms is related most
probably with Cr3+ ions.
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Fig. 5.8. Decay kinetics of the undoped CGGG measured under excitation and emission
energies as indicated at 4.2 K.
The photoluminescence decay curves of the Bi3+-doped CGGG sample measured at
4.2 K under excitation in the Bi3+ absorption band at 4.49 eV are shown in Fig. 5.9. The
decay curve of the 3.06 eV emission contains one slow component with a decay time of
~620 µs. The decay time of this slow component is constant up to 50 K (see Fig. 5.10).

87

Fig. 5.9. (a) Decay curves of the 3.06 eV (curve 1) and ≈2.4 eV (curve 2) emissions of
Ca3Ga2Ge3O12:Bi and (b) normalized time-resolved emission spectra of the 3.06 eV
(curve 1, filled circles) and ≈2.4 eV (curve 2, empty circles) emissions measured at 4.2 K.
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Fig. 5.10. Temperature dependences of the decay times τSC of (a) the 3.06 eV emission and
(b) the ≈2.4 eV emission of Ga3Ga2Ge3O12:Bi.
The detailed study of the ~3.9 eV emission band by the time-resolved technique is
presented in Fig. 5.11. As can see from the figure, the decay kinetics of this emission
consists of at least three components with decay times of 520, 320, and 890 µs. The timeresolved emission spectra of the separate decay components reveal that the complex
~3.9 eV emission band consists of at least three sub-bands with the maxima at 3.99, 3.93,
and 3.83 eV.
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Fig. 5.11. The decay curves of the ≈3.9 eV emission of Ga3Ga2Ge3O12:Bi and (b) the
normalized time-resolved emission spectra of separate decay components (indicated in the
legend) of the complex ≈3.9 eV emission measured at 4.2 K.
Temperature dependences of the luminescence decay times for the CGGG:Bi3+
microcrystals measured under excitation at Bi3+ absorption band are presented in Fig. 5.12.
The decay times of each sub-band are independent of temperature up to 70 K and then start
to decrease exponentially. The relatively long (~500 s) luminescence decay time at 4.2 K
and the temperature dependences of the luminescence decay times, as well as the small
FWHM and Stokes shifts of all the UV emission bands in CGGG:Bi are characteristic for
the triplet luminescence of Bi3+.
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The luminescence at 3.06 under 4.45 eV excitation shows the ~626 s
luminescence decay time at 4.2 K. The temperature dependence of the luminescence decay
time, FMHW, and Stokes shift of the 3.06 eV emission are similar to those of the ~3.9 eV
luminescence and typical for the triplet emission of Bi3+ ions. Therefore, this luminescence
can be attributed to the emission of Bi3+ ions in the parasitic Ca5Ge3O11 phase that is
present in the studied crystals (see Ref. [128] for details).

Fig. 5.12. Temperature dependences of the decay times of the Bi-doped CGGG sample
CGGG measured under excitation with Eexc=4.45 eV.
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Conclusions to Chapter 5
The detailed photoluminescence studies of the pure and Bi3+-doped Ca3Ga2Ge3O12
garnets in a wide temperature range were performed by the steady-state and time-resolved
luminescence spectroscopy methods. The obtained results allow clarifying the origin of
luminescence centers in these garnets.
The pure Ca3Ga2Ge3O12 reveals a broad band of native defects emission at about
450 nm (2.77 eV), while the Bi3+-doped Ca3Ga2Ge3O12, beside the intrinsic luminescence,
shows two complex Bi3+-related emission bands located in the ultraviolet and visible
spectral ranges. The narrow ultraviolet emission at about 313 nm (3.96 eV) with the small
Stokes shift arises from the electronic transitions from the triplet relaxed excited state of a
Bi3+ ion, while the broad visible emission at about 460 nm (2.7 eV) with the large Stokes
shift arises from an exciton localized around the Bi3+ ion. The complex structure of both
emission bands is probably caused by the presence not only of a single Bi3+ ion but also of
Bi3+ ions associated with their excess charge compensating defects.
The complex absorption band of the Bi3+ ion at 4.4 eV arises from the electronic
transition from the ground state to the lowest-energy triplet excited state of Bi3+ centers,
corresponding to the 1S0 → 3P1 transitions of a free Bi3+ ion.
The UV emission band at 313 nm (3.96 eV) of the Bi3+-doped sample arises from at
least three different Bi3+ centers. These centers can appear due to different positive charge
compensating defects in the nearest surroundings of the Bi3+ ion. The emission band at
3.06 eV is suggested to arise from the Bi3+-related emission of the parasitic Ca5GeO11
phase, where Bi3+ most probably substitute Ca2+ ions.
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Chapter 6
Bi3+-Eu3+-co-doped GGG and LuNbO4 as UV-to-VIS converting
phosphors for LEDs
This chapter presents the results of the study of luminescence properties of two
different oxide materials co-doped with Bi3+ and Eu3+ ions. These studies have been
performed with the purpose to clarify the origin of the Bi3+ ion luminescence observed in
these materials, to establish a mechanism of the energy transfer process from Bi3+ to Eu3+
ions in GGG and LuNbO4 lattices, as well as to evaluate the perspectives of these materials
usage as phosphors for white light-emitting diodes. The main results of this research have
been published in the papers [125,130], in which the dissertator is responsible for the
luminescence studies.
6.1. GGG:Bi3+,Eu3+
Photoluminescence properties of Bi3+ ion in GGG garnet were previously studied
[144]. GGG garnet doped by Bi3+ ions reveal the broad emission band in visible with the
maximum at 480 nm (3 eV). This emission alone cannot be used for a white light
generation due to the essential lack of the red component. From this point of view, codoping by Eu3+ should allow to reach higher CRI and color quality. So, we decided to
study a series of GGG co-doped with Bi3+ and Eu3+ with different concentrations of the
doping ions to check the possibility of using this material as a converting phosphor for
WLEDs.
Two groups of the samples were studied, which were synthesized at 1300°C and
1500°C. These temperatures were selected as the optimal synthesis temperatures based on
literature data [144]. Detailed studies were performed only for samples synthesized at
1300°C (see Ref. [125] for details of synthesis), while the samples annealed at 1500°C
were measured in some cases for comparison.
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6.1.1. Luminescent studies of GGG:Bi3+ and GGG:Bi3+,Eu3+ microcrystalline
phosphors
The

photoluminescence

and

photoluminescence

excitation

spectra

of

GGG:Bi@1300°C samples with various Bi3+ concentrations measured at room temperature
are shown in Fig. 6.1. The PL spectra of the studied sample reveal a broad emission band
near 2.58 eV (480 nm) with excitation at 4.27 eV (290 nm). The PL and PLE spectra of
GGG:Bi samples additionally annealed at 1500°C are comparable to the @1300°C series.
The narrow lines observed at 3.24, 2.98, and 2.84 eV are suggested to be caused by the
contamination of the investigated samples by Tb3+ ions.
At 4.2 K, the emission spectra of the investigated GGG:Bi powders show an extra
broad band located at 2.05 eV (605 nm) (Fig. 6.2, curve 3) in addition to a strong Bi 3+related broad band located at 2.55 eV (486 nm) (Fig. 6.2, curve 1). The 2.55 eV emission
band has the same properties as the 2.54 eV emission band of the GGG:Bi epitaxial films
studied in [81]. The Stokes shift is S = 1.73 eV, while the full width at half maximum of
the 2.55 eV emission band is FWHM = 0.56 eV (see Table 6.1). At previous study [81]
authors got the values of FWHM = 0.53 eV and S = 1.73 eV for comparison. The main
4.28 eV and a weaker 4.7 eV excitation bands are detected in the photoluminescence
excitation spectra of the 2.55 eV emission band recorded at liquid helium temperature
(Fig. 6.2, curve 4). The main 3.97 eV excitation band is observed for the 2.05 eV emission
band (Fig. 6.2, curve 5).

Fig. 6.1. Normalized emission and excitation spectra of GGG:Bi@1300°C samples at
room temperature.
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Fig. 6.2. Emission spectra of GGG:Bi(6%)@1300°C measured at 4.2 K under the steadystate excitation with Eexc=4.28 eV (curve 1), 4.77 eV (curve 2) and 3.76 eV (curve 3).
Excitation spectra measured at 4.2 K for Eem=2.7 eV (curve 4) and Eem=1.9 eV (curve 5).
Table 6.1. The maxima positions (Emax) and full widths at half maximum (FWHM) of the
emission bands, excitation bands maxima (Eexc), Stokes shifts (S), decay times of the slow
components (SC) of the luminescence decay, and quenching temperatures (Tq), obtained
for two Bi3+-related emission bands of GGG:Bi powders. T=4.2 K.
Emax, eV

FWHM, eV

Eexc, eV

S, eV

SC, s

Tq, K

2.55

0.56

4.28

1.73

~9

250

2.05

0.48

3.97

1.92

~27

~130

The emission spectra of all Bi-doped GGG powders are somewhat shifted to lower
energy under excitation at 4.8 eV, compared to the main 2.55 eV emission band at helium
temperature (see Fig. 6.2, curve 2). A similar shift previously was explained by the
appearance of the extra 2.46 eV emission band in GGG:Bi epitaxial films [81]. The
comprehensive investigation of the 2.46 eV emission in studied samples was not possible
due to a significant overlap of the 2.55 eV and 2.05 eV emission bands in the studied
GGG:Bi powders (see Fig. 6.2).
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The influence of the bismuth concentration on the 2.55 eV and 2.05 eV emission
intensities are presented in Fig. 6.3. These behaviors are observed during excitation on the
low-energy side of the corresponding excitation bands, which peak at 4.28 eV and 3.97 eV,
respectively, i.e., in the energy range where the luminescence intensity should be
proportional to the Bi concentration. Both concentration relations are almost linear, as seen
in Fig. 6.3. This indicates that the 2.05 eV emission of GGG:Bi powders is unrelated to
dimer Bi-related centers. As a result, a higher concentration should result in a lower
luminescence intensity due to concentration quenching or quenching on surface defects.
Fig. 6.4 shows the temperature dependence of the intensity of the 2.05 eV emission
under excitation with Eexc=3.76 eV. In comparison to the 2.55 eV (250 K) emission,
thermal quenching of the 2.05 eV emission occurs at a lower temperature (about 130 K).

Fig. 6.3. Dependencies of the maximum luminescence intensity on the bismuth
concentration measured at 80 K for the 2.55 eV and 2.05 eV emission bands of GGG:Bi
under excitation with Eexc=4.08 eV and Eexc=3.4 eV, respectively.
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Fig. 6.4. Temperature dependence for GGG:Bi(6%) @1300°C of the overall light sum of
the 2.05 eV emission measured under the steady-state 3.76 eV excitation (1), and the light
sum of the longer decay component (τ~27µs at 4.2 K) under the same 3.76 eV
excitation (2).

Fig. 6.5. Normalized emission and excitation spectra of GGG:Bi,Eu samples at room
temperature.
Additional doping of the studied GGG:Bi3+ samples by Eu3+ ions causes the
appearance of characteristic sharp lines in the red area of the spectrum due to the
5

D0→7F1,2 electronic transitions of Eu3+. Fig. 6.5 shows the PL and PLE spectra of the

GGG:Bi,Eu samples recorded at room temperature.
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Fig. 6.6a shows the emission spectra of GGG:Bi(2%),Eu(1%) powder recorded at
4.2 K under excitation in the 4.28 eV (289 nm) and 3.97 eV (312 nm) absorption bands of
two different Bi3+-related centers. For comparison, the emission spectra of the GGG:Bi
powder with the same bismuth concentration, measured under the same conditions, are
shown in Fig. 6.6b. The wide visible bands in the emission spectra of GGG:Bi,Eu are
clearly derived from two Bi3+-related emission bands of GGG:Bi (2.55 eV and 2.05 eV).

Fig. 6.6. Emission spectra of (a) GGG:Bi(2%),Eu(1%) and (b) GGG:Bi(2%) @1300°C
measured under excitation in the Bi3+-related absorption bands: Eexc=4.27 eV (a, curve 1);
Eexc=3.87 eV (a, (curve 2); Eexc=4.27 eV (b, curve 1); Eexc=3.76 eV (b, curve 2). The
spectra in Fig. 5.6b are normalized. (c) Excitation spectrum of the 1.75 eV emission of
Eu3+ in GGG:Bi(2%),Eu(1%). (d) Emission spectrum of Eu3+ in GGG:Bi(2%),Eu(1%)
measured under excitation in the Bi3+-related (Eexc=4.27 eV, curve 1) and Eu3+-related
(Eexc=2.1 eV, curve 2) absorption bands. T=4.2 K.
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Under excitation in the Bi3+-related absorption bands at 4.28 eV and 3.97 eV, the
strong narrow emission lines arising from the 5D0→7F1,2,3,4 transitions of Eu3+ in the
GGG:Bi,Eu powders are appeared [149–151]. In GGG:Bi,Eu samples, such behavior
suggests the presence of the Bi3+Eu3+ energy transfer. Indeed, the excitation spectra of
the Eu3+-related 1.75 eV (708 nm) emission (Fig. 6.6c) overlaps with both the 2.55 eV and
the 2.05 eV emission bands of Bi3+-related centers (shown in Figs. 6.6a and 6.6b),
implying that an efficient Bi3+Eu3+ energy transfer is possible even at 4.2 K.
The emission spectra of GGG:Bi and GGG:Bi,Eu samples, beside the Bi3+- and
Eu3+-related emission bands, reveal comparatively weak narrow bands at 3.24 eV, 2.98 eV,
and 2.84 eV (Figs. 6.6a, b). The contamination of the studied samples by the small
concentration of Tb3+ ion during the synthesis can explain the presence of such emission in
the studied materials. The shape of Tb3+ luminescence spectrum is characteristic for the
materials with a small concentration of terbium, where these bands are known to
predominate [152,153]. These bands arise from 5D37F6,5,4 transitions of Tb3+ ions and
overlap with the excitation bands of Eu3+ emission in the 3.0-3.3 eV energy range
(Fig. 6.6c). As a result, in addition to the Bi3+Eu3+ energy transfer, the Tb3+Eu3+
energy transfer also occurs in the studied GGG:Bi,Eu samples. Indeed, the emission of
Eu3+ appears in GGG:Bi,Eu when Tb3+ ions are excited.
Fig. 6.7 shows the temperature dependences of the intensity of Eu3+- and Bi3+related emissions recorded under excitation in the Bi3+-related absorption band at 4.28 eV.
These dependencies are the same for the Bi3+-related 2.55 eV emission of GGG:Bi and
GGG:Bi,Eu (Fig. 6.7, curve 1). Because of the Bi 3+Eu3+ energy transfer, the temperature
dependences of Eu3+ emission intensity measured under excitation in the Bi3+-related
(Fig. 6.7, curve 2) and Eu3+-related (Fig. 6.7, curve 3) absorption bands are also the same.
Up to room temperature, the emission intensity does not change much.
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Fig. 6.7. Temperature dependencies of the emission intensity of GGG:Bi(2%) @1300°C
(open circles) and GGG:Bi(2%),Eu(1%) (filled circles) measured under 4.27 eV excitation
for the Bi3+-related emission (Eem=2.7 eV) (1), for the Eu3+emission (Eem=1.75 eV) (2), and
for the Eu3+ emission (integrated in the 1.81-1.72 eV energy range) under excitation in the
absorption band of Eu3+ (Eexc=2.1 eV) (3).

6.1.2 Decay kinetics and time-resolved photoluminescence studies
Fig. 6.8 shows the photoluminescence decay curves for the Bi3+-related emissions
of GGG:Bi(2%)@1300°C and GGG:Bi(2%),Eu(1%) powders recorded at 4.2 K for the
2.55 eV and 2.05 eV emission bands. The luminescence decay rates of Bi-doped GGG
(Fig. 6.8a) and Bi-Eu co-doped GGG (Fig. 5.8b) are comparable. The 2.05 eV emission
decay curve recorded at 3.76 eV excitation contains a single exponential component with a
decay time of ~27 s in GGG:Bi (Fig. 6.8a) and ~28 s in GGG:Bi,Eu (Fig. 6.8b). Under
4.28 eV excitation, the 2.55 eV luminescence decay curve exhibits a single exponential
component with decay times of ~9 s for Bi-doped GGG (Fig. 6.8a, also see [154]) and
~9.5 s for Bi-Eu co-doped GGG (Fig. 5.8b, see also [154]). The decay times of the
studied samples are not shortened due to the Bi3+Eu3+ energy transfer.
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Fig. 6.8. Decay curves measured at 4.2 K for the 2.55 eV (curve 1) and 2.05 eV (curve 2)
emissions

of

Bi3+-related

centers

in

(a)

GGG:Bi(6%)

@1300°C

and

(b)

GGG:Bi(2%),Eu(1%). (Eexc=4.28 eV, Eem=3.02 eV (a, curve 1); Eexc=3.76 eV, Eem=1.9 eV
(a, curve 2); Eexc=4.28 eV, Eem=2.7 eV (b, curve 1); Eexc=3.76 eV, Eem=2.16 eV (b,
curve 1)).

The time-resolved emission spectra of Bi-doped GGG are given in Fig. 6.9 at
various time moments after the excitation pulse with excitation energies of 3.76 eV and
4.28 eV, respectively. They consist of two bands, one of which at 2.55 eV has faster decay
and the other one at 2.05 eV has slower decay. These bands correspond to the
photoluminescence spectra obtained under steady-state excitation conditions (Fig. 6.6).
The temperature dependences of the emission decay times () measured at the 2.05
eV and 2.55 eV in GGG:Bi and GGG:Bi,Eu are similar (Fig. 6.10) and typical for the
triplet emission of Bi3+ ions. In paper [143], authors discovered a similar (T) dependence
for the 2.55 eV emission. The probability of the radiative decay of the metastable (k1) and
emitting (k1) minima of the corresponding triplet exciton state calculated from the
temperature dependence of the decay time of the 2.05 eV emission across the temperature
range 4.2-100 K as k1 = 3.7 x 104 s-1 and k2 ~ 105 s-1 (Fig. 6.10, curve 2) (see [94,125] for
details). The triplet state spin-orbit splitting energy D calculated from the same data is
about 0.45 meV. At T>100 K, thermal quenching of this emission decrease the 2.05 eV
luminescence decay time. Indeed, the total light sum of the 2.05 eV emission (Fig. 6.4,
curve 1) and the total light sum of the 27 s decay component (Fig. 6.4, curve 2) both
declined in the same temperature range and exhibit similar temperature dependences.
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Fig. 6.9. Time-resolved emission spectra of GGG:Bi measured at 4.2 K for different time
moments (shown in the legend) under excitation with (a) Eexc=4.28 eV and (b)
Eexc=3.76 eV.

The relatively fast (s) luminescence decay kinetics at 4.2 K and temperature
dependence of the luminescence decay times, implying relatively low spin-orbit splitting
energies in the corresponding triplet relaxed excited states, as well as the large FWHM and
Stokes shifts of all visible emission bands in GGG:Bi, are thus characteristic of the triplet
luminescence of the GGG:Bi. According to the findings obtained for the GGG:Bi epitaxial
films in [154] and for the GGG:Bi powders in this research, the visible emission bands are
seen in GGG:Bi are due to the radiative decay of the triplet RES of the excitons localized
at different Bi3+-related centers. The almost linear relation between the 2.05 eV emission
intensity and the Bi concentration (Fig. 6.3) indicates that this emission is the result of an
exciton localized on a single Bi3+ ion with a crystal lattice defect.
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і
Fig. 6.10. Temperature dependences of the decay times of the 2.55 eV (curve 1) and 2.05
(curve 2) Bi3+-related emissions of GGG:Bi (open circles) and GGG:Bi,Eu (filled circles)
measured under 4.27 eV and 3.76 eV excitations, respectively. Symbols are experimental
data, solid lines are the guides for eye.
Fig. 6.11 illustrates the decay kinetics of the Eu3+ emission observed under
excitation in the Eu3+-related (2.1 eV) absorption band and the Bi3+-related 4.28 eV
absorption band. At room temperature, the decay time of the Eu emission is about 2.95 ms;
at 4.2 K, the same slow component decays at approximately 3.1 ms. There is no increase in
the Eu3+ luminescence intensity in time with the rise time equal to the decay time of the
Bi3+-related emission in the luminescence decay kinetics of the Eu3+ emission excited in
the Bi3+-related absorption bands (see the inset to Fig. 6.11b). This implies that the
nonradiative energy transfer between Bi3+ and Eu3+ does not occur in GGG:Bi,Eu.
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Fig. 6.11. Decay curves of the 1.75 eV emission of Eu3+ in GGG:Bi(2%),Eu(1%) measured
at 4.2 K under excitation in the (a) Eu3+ (2.1 eV) and (b) Bi3+ (4.28 eV) absorption bands.
In the inset to Fig. 16b, the decay curve in the microsecond time range is shown in more
detail.
Fig. 6.12 illustrates the appearance of the Bi3+Eu3+ energy transfer in timeresolved emission spectra. The spectra of GGG:Bi(2%) and GGG:Bi(2%),Eu(1%) recorded
under excitation in the Bi3+-related band Eexc=3.76 eV (329 nm) are identical at time t=50
µs following the excitation pulse and mainly consist of the wide emission band of the
Bi3+-related centers. However, during later decay stages (in the ms time range), the spectra
of GGG:Bi(2%),Eu(1%) is dominated by Eu3+ emission bands.
Thus, the absence of a shortening of the Bi3+ decay time (Fig. 6.8) and the absence
of any increase in the Eu3+ luminescence intensity with a rise time comparable to the decay
time of the Bi3+-related emission (Fig. 6.11) lead us to conclude that only the radiative
Bi3+-Eu3+ energy transfer occurs in GGG:Bi,Eu.
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Fig. 6.12. Time-resolved emission spectra of (a) GGG:Bi and (b) GGG:Bi, Eu measured
for different time moments (shown in the legend) at 4.2 K under excitation in the Bi 3+related absorption band (Eexc=3.76 eV).
The emission intensity initial rise of the Eu3+ ion (Fig. 6.13) with a time equivalent
to the decay time of the Tb3+ emission is seen in the decay kinetics of the Eu3+ emission at
4.2 K with excitation at 3.15 eV (1.1 ms, see the inset). As the Tb3+ emission is likewise
stimulated by this excitation, the decay kinetics data support the hypothesis that the
nonradiative energy transfer between Tb3+ and Eu3+ occurs in GGG:Bi,Eu.

Fig. 6.13. Decay kinetics of the Eu3+ emission (1.75 eV) in GGG:Bi(2%),Eu(1%)
measured at 4.2 K under excitation with Eexc=3.15 eV. In the inset: decay curve of the
Tb3+-related emission measured at RT (Eexc=4.27 eV, Eem=3.23 eV).
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6.1.3 Room-temperature characterization as a phosphor material
To assess the application potential of Bi-Eu co-doped GGG samples as a phosphor
material, the QY values were measured, and the CIE coordinates and CRI for each studied
sample were calculated. Fig. 6.14 and Table 6.2 illustrate the CIE chromaticity coordinates
of the studied materials. By increasing the Eu3+ concentration in the Bi-doped GGG, the
emission color of the phosphor may be changed from blue (GGG:Bi(2%)) to red
(GGG:Bi(2%),Eu(1%)) with an intermediate white (CIE 1931: 0.2689: 0.2874) hue for the
GGG:Bi(2%),Eu(0.2%)

sample.

The

sample

with

a

nominal

composition

of

GGG:Bi(2%),Eu(0.2%) has the greatest CRI (Ra) index of 87%.
With increasing of temperature, the CIE coordinates are shifted towards the red region for
Bi-Eu co-doped GGG samples. In particular, GGG:Bi(2%),Eu(1%) changes the CIE from
0.2689, 0.2874 at RT to 0.5252, 0.3691 at 380 K. This displacement is caused by the Bi/Eu
intensity ratio changes in favor of the Eu3+ emission.

Fig 6.14. CIE chromaticity diagram of the Bi and Bi-Eu co-doped GGG samples.
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Table 6.2. CIE chromaticity coordinates for the studied GGG@1300°C samples.
Sample

x

y

Ra, %

GGG:Bi(1%)

0.204

0.249

--

GGG:Bi(2%)

0.217

0.277

--

GGG:Bi(4%)

0.229

0.290

--

GGG:Bi(6%)

0.225

0.285

--

GGG:Bi(2%),Eu(0.2%)

0.269

0.287

87

GGG:Bi(2%),Eu(0.5%)

0.358

0.313

59

GGG:Bi(2%),Eu(1%)

0.482

0.357

29

Table 6.3 contains the QY values for the studied samples. As seen in from the table,
the efficiency of Bi3+ emission increases gradually as the bismuth concentration increases.
A similar pattern may be seen for the emission intensities shown in Figure 6.3. The QY of
Bi-doped GGG powders drops about twofold after further heat treatment at 1500 °C.
Additional doping of the Bi-doped samples with Eu3+ ions results in a decreasing of QY as
the Eu concentration increases. This phenomenon may be attributed to the reabsorption of
the Bi3+ exciton emission by the Eu3+ absorption bands.

Table 6.3. QY of the studied GGG:Bi,Eu powders.
Sample

QY (%) at 290nm excitation
@1300 °C

@1500 °C

GGG:Bi(1%)

9.50.5

4.00.5

GGG:Bi(2%)

11.90.5

3.60.5

GGG:Bi(4%)

11.70.5

2.80.5

GGG:Bi(6%)

15.40.5

4.00.5

GGG:Bi(2%) Eu(0.2%)

11.10.5

-

GGG:Bi(2%)Eu(0.5%)

12.30.5

-

GGG:Bi(2%),Eu(1%)

8.30.5

-
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6.2. LuNbO4:Bi3+,Eu3+
The luminescence properties of Bi3+-doped lanthanide niobates were studied more
than 50 years ago [92]. Highly-efficient visible luminescence, a high dielectric constant,
low phonon frequencies, good photoelastic and nonlinear optical properties, as well as
excellent chemical, mechanical, and thermal stability (see, e.g., Refs. [155,156] and
references therein) make them interesting candidates for UV-to-VIS converting phosphors.
Yttrium and gadolinium niobatres (YNbO4 and GdNbO4) co-doped with Bi3+ and Eu3+ ions
were already suggested for white LEDs [118,157–159], whereas the Bi-doped lutetium
niobate (LuNbO4:Bi) co-doped with any RE3+ ion was never studied before. LuNbO4:Bi
phosphor reveals two broad emission bands in the visible range of spectrum at about 430
nm (2.88 eV) related with the host and Bi3+ ions, respectively [127]. The absence of UV
emission and the broad absorption band make this material an ideal candidate for codoping by Eu3+ ions. In such a way LuNbO4:Bi, Eu was chosen to be studied in details
with the purpose clarify mechanisms of the energy transfer processes from different
luminescence centers to Eu3+ ions and to evaluate the possibility of application of this
material in WLEDs.
6.2.1. Photoluminescence characteristics of LuNbO4:Bi3+and LuNbO4:Bi3+,Eu3+
phosphors
Photoluminescence and photoluminescence excitation spectra of the investigated
LuNbO4 (a), LuNbO4:Bi3+ (b), and LuNbO4:Bi3+,Eu3+ (c) powders are presented in
Fig. 6.15. The intrinsic broad emission band at 2.88 eV of the undoped LuNbO4 was
attributed to the exciton origin, and this emission band arises most probably from the selftrapped exciton (STE) (see [127] for detail). In the luminescence spectrum of the
Bi3+-doped LuNbO4, beside the intrinsic emission band at 2.88 eV (solid red line,
Fig. 6.15), the broad emission bands of the excitons localized around a single Bi3+ ion at
2.30 eV and dimer {Bi3+-Bi3+} center at 2.40 eV appears due to Bi3+ doping (dashed and
dotted red lines, respectively) (see Ref. [127]. for details). The LuNbO4:Bi3+,Eu3+ sample
(Fig. 6.15c) beside the Bi3+ ion emission in the VIS region of spectra demonstrates the Eu3+
characteristic emission due to 5D0 → 7F0,1,2,3,4 transitions with most intense 2.09 eV (5D0 →
7

F1) and 2.02 eV (5D0 → 7F2) peaks. According to the literature data (see, e.g., [157,160])),

such intensities of peaks, namely the 2.02 eV peak stronger than the 2.09 eV peak, indicate
the location of the Eu3+ ion in the non-centrosymmetric position of the matrix.

108

The photoluminescence excitation spectrum of Eu3+ ion consist of a broad band at
4.59 eV (270 nm) and several sharp peaks at about 3.88 eV (320 nm), 3.44 eV (360 nm),
3.26 eV (380 nm), 3.16 eV (393 nm), 3.0 eV (414 nm), 2.67 eV (465 nm), 2.34 eV
(529 nm), and 2.18 eV (569 nm). The broad excitation band at 4.59 eV is due to the
O2-→Eu3+ charge transfer, while the sharp lines arise from the transitions from the ground
7

F0 state to the 5H3,6, 5D4, 5L7, 5L6, 5D3, 5D2, 5D1, 5D0 states of Eu3+, respectively.
In the excitation spectrum of the 1.75 eV emission of Eu3+ (Fig. 6.15c, solid black

line), beside the narrow Eu3+ peaks, also the broad bands are observed around 5 eV and
4 eV, which are characteristic for the intrinsic and Bi3+-related luminescence, respectively
(see the black lines in Figs. 6.15a and 6.15b). These data clearly indicate the presence of
the energy transfer from the centers responsible for the intrinsic and Bi3+-related
luminescence to Eu3+ ions in LuNbO4:Bi, Eu.
As it can be seen from the presented data, the excitation bands of the Eu3+ ion
(Fig. 6.15c, black line) are strongly overlapped with the intrinsic emission band of LuNbO4
(Fig. 6.15a, solid red line) as well as with two Bi3+-related emission bands (Fig. 6.15b,
dashed and dotted red lines). This means that beside the energy transfer from the NbO43group, responsible for the intrinsic emission, to Eu3+ ions observed in LuNbO4:Eu [160],
the energy transfer from the NbO43- group to the Bi3+ - related centers of two types and
from the Bi3+-related centers to Eu3+ ions is possible in the LuNbO4:Bi,Eu phosphor. This
leads to strongly complicated luminescence characteristics of the investigated material.
The photoluminescence spectra of the LuNbO4:Bi3+,Eu3+ samples with different
concentrations of Eu3+ ion measured at 4.96 eV (in the range of the intrinsic absorption
band, Fig. 6.16b) and at 3.65 eV, 3.96 eV (in the Bi3+-related absorption bands) are
presented at Fig. 6.16b and 6.16c). These spectra demonstrate the intensity ratios of
different emission bands. As can be seen, the increase of the Eu3+ concentration leads to
the reduction of the intrinsic and Bi3+-related emissions intensities. The dependencies of
the maximum emission intensities on the Eu3+ concentration, measured for the intrinsic
(Eem = 2.95 eV), Bi3+-related (Eem = 2.51 eV), and Eu3+ (Eem = 1.75 eV) emissions, are
presented in Fig. 6.17. These data confirm the conclusion on the effective energy transfer
between the considered luminescence centers.
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Fig. 6.15. Emission (red lines) and excitation (black lines) spectra of (a) LuNbO4, (b)
LuNbO4:Bi, and (c) LuNbO4:Bi, Eu measured at 79 K. The excitation (Eexc) and emission
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6.15c, the 1.76 eV emission of Eu3+ measured under excitation in the absorption bands of
Bi3+ (Eexc = 3.95 eV, solid line) and Eu3+ (Eexc = 2.36 eV, dashed line).
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LuNbO4:Bi, Eu powders on the Eu3+ concentration measured at 79 K under excitation with
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The temperature dependencies of the Eu3+ ion emission of the LuNbO4:Bi,Eu
sample measured at Bi3+ (3.95 eV) and Eu3+ absorption bands are presented in Fig. 6.18.
Such behavior of the temperature dependency indicates the presence of the energy transfer
from Bi3+ to Eu3+ ions. However, the differences in these dependencies, namely the Bi3+
dependence in LuNbO4:Bi, Eu sample, are stronger than the Bi3+ dependence in the
LuNbO4:Bi sample, and the quenching temperature for halved emission intensity are 187 K
and 203 K, respectively (Fig. 6.18b). Such behavior indicates that energy transfer
efficiency depends on temperature and can be explained by the increasing overlap of the
corresponding spectral band with temperature increasing.
Temperature dependence of the integrated (intrinsic + Bi3+-related + Eu3+) emission
intensity measured at the intrinsic (4.96 eV) and Bi3+-related (3.95 eV) absorption bands
are presented in Fig. 6.18c. The activation energies estimated from these dependencies are
Eq = 51 meV and Eq = 116 meV for intrinsic and Bi3+-related band, respectively. It is
evident that the temperatures Tq, where the integrated emission intensity is halved (Tq =
217 K and Tq = 258 K, respectively), and the values of Eq are rather low. This is mainly
caused by thermal quenching of the intrinsic and Bi3+-related exciton-like emissions at
relatively low temperatures.
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Fig. 6.18. (a) Temperature dependences of the maximum intensity of the Eu3+ emission in
LuNbO4:Bi, 4 at.% Eu (Eem ≈ 1.75 eV) measured under excitation in the absorption bands
of Bi3+ (Eexc = 3.95 eV, filled circles) and Eu3+ (Eexc = 2.67 eV, empty circles). (b)
Temperature dependences of the maximum intensity of the Bi3+-related 2.51 eV emission
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excitation in the absorption band of Bi3+ (Eexc = 3.95 eV). (c) Temperature dependences of
the integrated emission intensity measured for the LuNbO4:Bi, 0.4 at.% Eu sample under
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the lnI – 1/T coordinates. The lines are presented as guides for the eye.
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Fig. 6.19 demonstrates the decay curves of Eu3+ ion measured under intrinsic
(2.02 eV), Bi3+-related (3.95 eV), and Eu3+ (2.67 eV) absorption bands excitation in the
LuNbO4:Bi, 4 at.% Eu sample at 79 K. The decay curves of Eu3+ ion demonstrates
dominant slow component (~600 µs), two fast components (~12 µs and ~5 µs) with typical
decay times for Bi3+ in this material [127] and the intensity rise time (~25-27 µs). Fig. 6.20
represents the intrinsic (Fig. 6.20a) and the Bi3+-related exciton ex0Bi (Fig. 6.20b) and
ex0{Bi3+-Bi3+} (Fig. 6.20c) decay curves for the same LuNbO4:Bi, 4 at.% Eu powder in
more detail, these additional components are characteristic for the intrinsic emission and
the emission of the Bi3+-related exciton ex0Bi, respectively.
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Fig. 6.20. Decay curves measured at 79 K under excitation (a) in the intrinsic absorption
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The time-resolved emission spectra were measured for different decay components
appearing under excitation in the maximum of the Bi3+-related absorption band of the
LuNbO4:Bi, 4 at.% Eu sample at 79 K for better separation of emission spectra are
presented in Fig. 6.21. A comparison of Fig. 6.21 and 6.16b reveal that the emission
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spectrum of the ~5 µs decay component coincides with the emission band of the Bi3+related excitons [127]. The emission spectra of the slowest (~ 660 s) decay component
(Fig. 6.21b) and the component with the rise time of about 25 - 27 s consist only of Eu3+related lines, which confirms that both these components arise from Eu3+ ions. The timeresolved emission spectra of the ~30 µs component coincide with the emission spectrum of
Tb3+ ion inside LuNbO4 [161]. Since the decay time of Tb3+ ion in LuNbO is ~566 µs, and
Tb3+-related emission bands overlapped with Eu3+ absorption bands, such short decay time
(~30 µs) can be explained by possible Tb3+ → Eu3+ non-radiative energy transfer [161].
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Fig. 16.21. Time-resolved emission spectra (black circles) measured at 79 K for different
decay components with the decay time (a) ≈5 s, (b) ≈660 s, and (c) ≈30 s under
excitation in the maximum of the Bi3+-related absorption band of the LuNbO4:Bi, 4 at.%
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The decay curves of the intrinsic (Fig. 6.22a) and Bi3+-related (Fig. 6.22b)
luminescence measured for the LuNbO4:Bi3+,Eu3+ samples with different Eu3+
concentrations are presented in Fig. 6.22. As the concentration of Eu3+ increases, the
intrinsic and Bi3+-related luminescence decay kinetics are quenched (see Fig. 6.22). All
these data clearly indicate the presence of the non-radiative energy transfer from the
intrinsic and Bi3+-related luminescence centers to Eu3+ ions in LuNbO4:Bi3+,Eu3+.
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Fig. 6.22. Decay curves of (a) the intrinsic and (b) the Bi3+-related emission measured at
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6.2.2 Room-temperature characterization of LuNbO4:Bi3+,Eu3+ as a phosphor
material
To evaluate the perspectives of these materials as a phosphor material, the study of
the values of color rendering indexes (CRI), quantum yields (QY), correlated color
temperatures (CCT), and CIE chromaticity coordinates (x, y) were performed for the
investigated LuNbO4:Bi3+,Eu3+ samples with different Eu3+ concentrations. The obtained
results are presented in Table 6.4. The CIE chromaticity diagram is shown in Fig. 6.23. As
it is seen from the figure, an increase of the Eu3+ concentration leads to the change of the
emission color from blue in LuNbO4:Bi3+,0.2 at.% Eu to red in LuNbO4:Bi, 8 at.% Eu with
an intermediate white color (CIE 1931: 0.316, 0.317) in the LuNbO4:Bi, 0.4 at.% Eu
sample. The highest CRI of 90% was obtained for the LuNbO4:Bi, 0.2 at.% Eu sample.
The QY values were revealed to increase from about 19 to 42% as the Eu3+ concentration
increases.
The values of a color rendering index (CRI) of 76%, quantum efficiency of ≈18%,
and correlated color temperature (CCT) of 5206 K are achieved for the LuNbO4:2%
Bi3+,0.4 % Eu3+ powder having most white emission (the CIE chromaticity coordinates (x
= 0.316, y = 0.317)) (see Fig. 6.18 and Table 6.4).

Fig. 6.23. CIE chromaticity diagram for the investigated LuNbO4:Bi,Eu samples. Eexc =
4.13 eV.
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Table 6.4. The values of color rendering indexes (CRI), quantum yields (QY), Bi3+ →
Eu3+ energy transfer efficiencies (ETE), correlated color temperatures (CCT), and CIE
chromaticity coordinates (x,y) were obtained for the investigated LuNbO4:Bi, Eu samples
with different nominal Eu3+ concentrations.
Eu3+ concentration

QY

CRI

at.%

%

%

0.2

18.8 ± 0.7

90

0.254, 0.296

9511

0.4

17.9 ± 0.6

76

0.316, 0.317

5206

1

25.1 ± 0.7

58

0.375, 0.318

2874

2

26.2 ± 0.6

53

0.501, 0.339

1529

4

29.1 ± 2.0

45

0.539, 0.340

1237

8

41.9 ± 2.1

35

0.608, 0.341

1091

CIE coordinates
x,

y

CCT
K

Conclusions to Chapter 6
The detailed photoluminescence studies of the Bi3+ and Eu3+ co-doped GGG and
LuNbO4 in a wide temperature range were performed by steady-state and time-resolved
luminescence spectroscopy methods in order to evaluate perspectives of these materials as
phosphors for white light generation. The obtained results allow clarifying the origin of
luminescence centers and establishing the mechanism of the Bi3+→Eu3+ energy transfer
process in these materials.
The visible emission of the Bi3+-doped GGG sample measured at 4.2K consist of
two bands (the intense one with the maximum at 2.55 eV and the weaker one at 2.05 eV).
The temperature dependence of the luminescence decay kinetics indicates relatively small
values of the probabilities of the radiative decay of the metastable minima of the triplet
excited state and the small spin-orbit splitting energies in the corresponding triplet relaxed
excited states. These parameters, as well as the significant Stokes shifts and FWHM of all
the visible emission bands in GGG:Bi are characteristic for the triplet luminescence of an
exciton origin. In such a way, the visible emission bands observed in GGG:Bi powders are
suggested to arise from the triplet relaxed state of excitons localized around different types
of Bi3+-related centers (the single Bi3+ ions, dimer {Bi3+-Bi3+} centers, associates of single
Bi3+ ions with crystal lattice defects, etc). No luminescence arising from the triplet relaxed
excited state of the Bi3+ ion is observed in GGG.
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The luminescence studies of the Bi3+-Eu3+ co-doped GGG samples reveal the
presence of the Bi3+→Eu3+ energy transfer by the radiative way, i.e., this is the
reabsorption of the 2.55 eV and 2.05 eV emissions of the excitons localized around Bi3+
ions by the Eu3+ ions. At the same time, the non-radiative Tb3+→Eu3+ energy transfer takes
place in GGG:Bi, Eu samples contaminated with Tb3+.
The possibility of color tuning from blue to orange-red at UV excitation by
changing the Bi3+ and Eu3+ ions concentrations was demonstrated. In particular, the highest
CRI of 87% was obtained for the sample with a nominal composition of
GGG:Bi(2%),Eu(0.2%), at the same time, the most white color emission (CIE 1931: 0.358,
0.313) was observed for GGG:Bi(2%),Eu(0.5%). Despite the fact that the quantum
efficiency of the Bi-related emission in GGG garnet is desired to be higher (possibly it can
be increased by appropriate optimization of synthesis and preparation conditions), Bi–Eu
co-doped GGG show the huge potential in color tuning and achieving of the proper
emission color.
The Bi3+-doped LuNbO4 sample beside the intrinsic band at 2.88 eV of self-trapped
exciton origin also reveal the broad emission band of the excitons localized around a single
Bi3+ ion at 2.30 eV and dimer {Bi3+-Bi3+} center at 2.40 eV due to Bi3+ doping.
In the LuNbO4 co-doped by Bi3+-Eu3+, the changes of the intrinsic and Bi3+-related
luminescence decay kinetics indicate the presence of the non-radiative (resonance) energy
transfer process, which depends on the temperature.
The values of the color rendering index (CRI) of 76%, the quantum efficiency of
~18%, and correlated color temperature (CCT) of 5206 K are achieved for the
LuNbO4:Bi(2%),Eu(0.4%) powder most white color emission (CIE 1931: 0.316, 0.317).
The relatively low value of QY is mainly caused by thermal quenching of the Bi 3+-related
luminescence.
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Summary
The detailed study of a number of crystals, like Gd2O3, YVO4, Y4Al2O9, Y3Al5O12,
and Gd3Ga5O12 co-doped with Bi3+Yb3+ or Ce3+Yb3+, was performed (Chapter 4) in
order to answer the question about the mechanism of the energy transfer process occurring
in these down-converting phosphors. The main impact of this chapter is selection of the
materials in which the cooperative energy transfer can occur.
Chapter 5 represents the results of the detailed photoluminescence study of Bi3+doped Ca3Ga2Ge3O12 garnet. An origin of the luminescent properties of the material was
clarified, and prospects of this cheap and easy-to-obtain phosphor material for LED-based
white light sources were evaluated.
Chapter 6 is devoted to the photoluminescent properties of the Bi3+-doped and
Bi3+Eu3+ co-doped Gd3Ga5O12 and LuNbO4. These studies were performed in order to
understand better the origin of the Bi-related emission, to clarify mechanisms of the
Bi3+Eu3+ energy transfer process, and to evaluate perspectives of these phosphors for
white LEDs.
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