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Abstract

Doped single-phase materials have been widely investigated owing to their easy to
implement synthesis and the variety of their properties. This minireview covers strategies for the co-
stabilization and the ratio control of several oxidation states of dopants inserted in the same host.
The tuning of the oxidation states of dopants opens up many possibilities for the optimization of
specific properties and can be envisioned for various applications such as telecommunication,
medicine, display, lasers or lighting. Technics used for the quantification of each valence state of
dopant are also emphasized, and the importance of high throughput methods for the discovery of

competitive materials with dopant in multiple valence states is discussed.

1. Introduction

The development of new luminescent materials drawn a lot of interest over the past
decades. Due to the high potential of their applications in various fields such as telecommunication,
medicine, display, lasers or lighting, many studies have been focused on the understanding of
luminescence processes and the optimization of luminescence properties 2. Although the targeted
properties vary according to the envisioned application, the material design is invariably a key
parameter and is directly linked to the enhancement of the materials performances. In that respect,
single phase luminescent inorganic materials have been widely investigated, since they can be

synthesized using an easy-to-implement method, and open up a large variety of features.

The emitting range of a luminescent material is a fundamental specification for the targeted
application. Thus, in bioimaging field, to prevent blood and water absorption as well as tissues
autofluorescence and to limit the scattering, the emission wavelength range should be in the
biological windows (BWI : 650 - 950 nm or BWII 1000 - 1350 nm) &, Similarly, for white LEDs (w-LEDs)
applications, a white light with tunable Color Correlated Temperature (CCT) is desired, while a NIR
emission is required for telecommunication applications. There is a large choice of available
phosphors emitting in different spectral regions, which allow to screen all the UV, visible or IR ranges.
Since one emitting center can lead to multiple color emissions according to its environment

sensitivity, the choice of the host matrix is crucial in order to reach the desired application.

Co-doped a material with several activators exhibiting emissions centered at specific
wavelengths is a widely used approach to target the desired color of emission “?.. In this review, a
specific strategy of co-doping, the control of the oxidation state of a single dopant, will be discussed.

Many transition metal and rare earth ions can be stabilized in two oxidation states, both presenting



specific luminescence properties in the visible or IR range, as for example Mn*/Mn*, Ni**/Ni%,
Bi**/Bi**, Eu*/Eu®, Tm*/Tm?%, or Yb**/Yb®* | Thus, the stabilization and the control of each
valence states of dopant, could lead to the optimization of the luminescence properties %3,
However, the coexistence of several oxidation states of the same element in the matrix is not
guaranteed, and can only occurs if specific conditions are encountered. 04 As previously mentioned
by Pei et al., the following requirements need to be considered during the material pre-design: i) No
oxidizing (or reducing) ions should be present in the host material. ii) The charge balance is a key
parameter. Thus for a given crystallographic site, a dopant D should replace a host H* or H**"* | to

x+1)+

favor the stabilization of dopant reduced form D™* or oxidized form D** respectively . iii) The
dopant and the substituted cation must have similar ionic radii. iv) The crystallographic site of the
host structure should be appropriate to ensure the dopant stabilization. In that respect, the resulting
challenge is to identify suitable host matrices and compatible luminescent centers, combined with
relevant synthesis conditions, that allow the co-stabilization of several oxidation states of dopant. In
this review, the different strategies reported in the literature, enabling to stabilize and to modulate
the contribution of each luminescent center with different valence states are detailed and illustrated
through discussions on widely studied hosts such as Y;Als0;, or BaMgAl,(0;. Due to the low
concentrations of dopants, the precise determination of their valence states remains challenging.
The main characterization technics used to determine the valence states of dopants are highlighted

in the second part of this review. Finally, the relevance of a high throughput screening for

accelerating the discovery of material with dopants exhibiting multiple valence states is discussed.

2. Approaches for the design of materials with dual valence states

2.1 Influence of synthesis atmosphere on the valence states of dopants

Luminescent inorganic materials are commonly synthesized using high temperature processes. In
such processes, the sintering atmosphere has a significant impact on the luminescence properties.
One valence state of dopant can be preferentially stabilized at the expense of the other according to
the partial pressure of oxygen. Thus a highly oxidative atmosphere such as O, or air, will favor the
stabilization of the oxidized form of dopant. On the contrary, with the use of a reductive atmosphere
such as CO or H,, the reduced form of dopant will be predominantly stabilized. This has been
demonstrated for example through the study of cerium-doped materials such as Y;Al;0,,:Ce and
Ca3Sc,Si;04,:Ce (15717 " Cerium is a rare earth element, which presents two stable oxidation states:
ce™ and ce**. ce™ displays a [Xe] 4f° electronic configuration, and is a non-luminescent center,

except in the case of 0> > ce* charge transfer, while Ce* is a well-known luminescent center, with



a [Xe] 4f* electronic configuration. Ce®* emission originates from the 4f' - 4f°5d* transition (Figure
1a). Because of the 5d levels involved in the transition, the Ce** emission wavelength drastically
depends on the cation environment (e.g. crystallographic site, crystal field). For Y;Al;04,:Ce and
Cas5c,Si301,:Ce, the Ce* emission band is centered respectively at 520 and 505 nm. The
photoluminescence (PL) intensity of Ce** emission is directly linked to the synthesis atmosphere (see
Figure 1b). Thus, under oxidative atmosphere (in air), oxidation of Ce* ions into Ce* is favoured,
which leads to the decrease of the luminescence intensity. In reductive atmosphere (CO), the ratio
ce*/ce* increases, improving the luminescence intensity. In N, atmosphere, the material is isolated
from any oxidative or reducing sources. Thus, an intermediate emission intensity corresponding to a
limited stabilization of Ce*" ions is observed. The charge balance is preserved owing to the formation
(respectively filling) of oxygen vacancies in reducing (respectively oxidative) atmosphere. The study
of Ce™/Ce* doped materials illustrates the possibility of tuning the ratio of the dopant valence state

according to synthesis conditions, which can be generalized to most of the dopants 2%,
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Figure 1: a) Schematic representation of Ce®* energy levels b) Emission spectra of Y;AlsO,:Ce
synthesized in different atmospheres. Reprinted with permission from Wang et al. {17

2.2 The role of charge compensator in the stabilization of valence states

Charge compensators (co-dopants) can play a significant role in the stabilization of specific
valence states of activators. Such stabilization depends on many parameters such as the valence
state of the charge compensator, their concentration or their stability in a specific host. Up to now,
no general mechanism has been reported, but several hypotheses based on defect stabilisation are
discussed. As stated previously, in luminescent inorganic phosphors, although dopants substitute
preferentially cations of the crystal lattice with a similar ionic radius and same charge, substitutions

of cations with different valence states can occur. Hence, the stability is provided by defects (namely

4



anionic or cationic vacancies) or the introduction of interstitial ions 2 In order to prevent defect
formation, charge compensators can also be inserted inside the material. This strategy is widely
investigated for preferential stabilization of one oxidation state of dopant, leading to the
enhancement of luminescence properties. Li*, Na‘, and K' are among the most widely used

monovalent charge compensators 22 but other multivalent charge compensators such as Mg*, Si**

or Ge* ions have also been investigated '**¥

. Many authors analysed the impact of charge
compensator on photoluminescence properties. Thus, Zhu et al. ?* highlighted the role of Li* as a
charge compensator for CaZr,(PO,)s:Eu,Li materials. Eu®* and Eu* ions can be both stabilized in 6-
coordinated Ca®" sites, since all the different requirements outlined previously are fulfilled. To
describe the phenomenon, a charge compensation mechanism has been proposed by Peng et al. .
In order to respect the charge balance, two Eu®*" ions should replace three Ca** ions. With Li* co-
doping, the emission intensity ratio I(Eu*)/I(Eu*") decreases. Thus, Li* insertion implies the Eu®*
stabilization due to isovalent co-substitution of two Ca** by Eu®* and Li*. In this case, the insertion of
charge compensators leads to a better stability of the Eu** ions as well as an enhancement of the
luminescence intensities. Furthermore, the I(Eu®)/I(Eu®*) ratio can be tuned by varying the

concentration of Li".

This phenomenon can be generalized for most of materials co-doped with charge compensators
as it has been recently highlighted by Xu et al. ®” through the study of BaMgAl,,0,,:Mn**,Mn?*
(BAM:Mn) phosphors, co-doped with Li*, Mg*, Na* and Si** ions. BAM:Mn**,Mn** material presents
an orderly layered structure in which spinel blocks MgAl,,04¢ are separated by non-doped BaO
planes (mirror layers). Thus, Mg ions are located in tetrahedral sites, whereas AI** ions occupy both
tetrahedral and octahedral sites (see Figure 2b). Mn* is a 3d® ion and presents a red emission
(originating from the spin forbidden ’E = *T, transition). The Mn*" ion presents a 3d” configuration.
Its emission is crystal field dependent (from green to red according to the matrix and the
coordination of the site in which it is inserted) ®**\. In BAM host, Mn*" ions are preferentially
inserted in octahedral sites and exhibit a strong red emission centered at 660 nm, whereas Mn?*
emission band is centered at 514 nm corresponding to the *“T; = °A; transition (tetrahedral
environment). According to the synthesis conditions, the intensity ratio between the two emission
bands can significantly vary, but a more accurate ratio control can be achieved owing to the insertion
of charge compensators. Thus, Li*, Na* or Mg** co-doping (AI** substitution) leads to hole type defect
formation, resulting in the stabilization of Mn*" ions and the increase of their emission intensity at
the expense of Mn** one (Figure 2). The most significant increase is obtained owing to Mg”* doping.
The formation of Mn*-Mg** pairs, as presented in Figure 2b, maintains the charge balance and

prevents the formation of Mn*-Mn*-O”clusters, which could induce non radiative processes.



Similarly, Si* doping increases the emission intensity of Mn?" at the expense of Mn*" emission
intensity. Since isovalent co-substitution of Mn*-Mg”* or Mn*"-Si** for APP*-AI*" improves the stability
and the enhancement of the luminescence properties of Mn*" and Mn?" respectively, the intensity

ratio between the two valence states of cations can be tuned according to the selected co-dopant.
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Figure 2: a) Photoluminescence spectra of BAM:Mn* ,Mn?* co-doped with different charge
compensators (Si*, Mg*,Na*, Li*) b) Schematic representation of BaMgAl,,0;; crystal structure and
associated AI** ions substitution by Mn*" ion and Mg®* ions in octahedral and tetrahedral sites
respectively. Reprinted with permission from Xu et al. ® and Hu et al. *%).
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However, the main issue of such approach is to find suitable charge compensator, to be inserted in

the investigated host matrices.

2.3 Gradual reduction/oxidation of dopants controlled by temperature

After the synthesis, a thermal treatment at low temperature under oxidizing or reducing
atmosphere could lead to the change of the valence state of dopants. As specified previously, the
charge equilibrium is governed by oxygen vacancies formation or filling. The main issue is to finely
control the ratio of dopant in their oxidized/reduced state and tune their photoluminescence
properties. To this end, modulation of the thermal post-treatment parameters (temperature or

B¢l reported the study of

duration) can be considered. In that context, Chen et al.
Sry 5Cag 5Si04:Eu’*, Th** Eu®* material, that exhibits luminescence properties with red, green and blue
contributions owing to Eu** and Tb*" 4f > 4f and Eu®* 4f°5d' - 4f transitions respectively. The
phosphor is synthesized in air, and in a second step annealed in reducing atmosphere. The Eu**/Eu**
ratio is tuned according to the duration of the second treatment (15, 30, 45 or 60 min). The resulting

emission spectra are presented in Figure 3a. In this work, the optimal duration of reducing process is



30 min. For this duration, photoluminescence intensities of both emitters Eu®* and Eu®" are
comparable. Thereafter, the doping concentration of Tbh®" ions is adjusted in order to reach the

nearest value of CIE coordinates for an ideal white light (0.321, 0.322).

Controlled reduction of dopant can also be performed using oxygen getter such as hydrides (e.g.
CaH,, NaH, LiH) as reducing agent *’*?. This method can be implemented after material synthesis if
the dopants are the only reducible elements in the material. It consists in the thermally activated
disinsertion of oxygen from the crystal structure of the phosphor. Disinserted oxygen can then react
with the getter to form thermodynamically stable oxides. Consequently, the dopants are reduced to
keep the charge balance. Since this process is temperature and time dependent, it is possible to
accurately control the valence states of dopants as it has been demonstrated by Behrh et al. [3¢]
through the investigation of SrAl,O,:Eu phosphor (Figure 3b). The reduction of Eu* ions into Eu®* is
performed with CaH, as oxygen getter. With the increase of reduction temperature, the Eu*
emission intensity increases at the expense of Eu*" emission intensity. Precise control of the dopant
valence state can be achieved owing to the progressive reduction of Eu** into Eu**, allowing to tune
the resulting color of the phosphor from green to red. This gradual reduction of dopants (GRD) is a
promising method to synthesize a single-phase white phosphor with desired resulting color, since it
enables to optimize with a high accuracy the ratio between the two oxidation states of dopants.
Nevertheless, since a small modification of one parameter of the post-annealing treatment leads to

significant changes in luminescence properties, a large amount of samples is needed to discover the
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Figure 3: Emission spectra of a) Sry 5CapsSi0g:Eu®’ ,Eu®* material post-annealed in reducing
atmosphere at 1200°C during various b) SrAl,0,:Eu’*,Eu** material post-annealed in reducing
atmosphere at various temperature during 96 h. Reprinted with permission from Chen et al. B¢ and
Behrh et al.’*?.

material with optimal properties.



2.4 Solid solutions for the stabilization of several oxidation states of a dopant

Synthesizing solid solutions or nanosegregated phases is another approach to explore the
stabilization of several valence states of a dopant. One oxidation state of dopant can be
preferentially stabilized in a given environment. Hence, tuning the solid solution composition leads to
the control of valence states distribution of the inserted dopant and thus to the modulation of the
properties. For example, for (1-x) BagssAl;101725 - x BaMgAl,0,;  solid solution [19], the
photoluminescence spectra are composed of two distinct contributions corresponding to Mn?*
(green emission) and Mn** (red emission) ions. As reported in Figure 4, the contribution of both ions
varies according to the composition of the solid solution. This method is efficient to probe the
interdependence of material crystal structure and oxidation state of dopant, and can also be coupled
to the gradual reduction/oxidation method detailed previously. In such case, two parameters can be

controlled, i.e. the composition of the solid solution and the oxidation state of dopant, leading to the
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Figure 4 : Variation of Photoluminescence intensity of
Mn** (green contribution) and Mn*" (red contribution)
of (1')() Bao_75A|11017_25 - X Bal\/lgA|12017 solid SO|uti0nS,
Aexc = 424 nm. Reprinted with permission from Hu et al.
[19]

screening of the properties.



3. Influence of the excitation wavelength on the resulting photoluminescence
properties

The resulting emission color of a single-phase phosphor can typically be tuned according to the
excitation wavelength. The emitting range and the emission intensity can vary depending on the
excitation source and the energy levels of the emitting center involved in the luminescence process.
For materials doped with several activators, excitation parameters can significantly influence the
emission. Since each luminescent center exhibits specific excitation characteristics, the optimal
emission intensity is not likely to be reached at the same excitation wavelength for all activators. For
this reason, the ratio of emission intensities attributed to different activators depends on the
excitation wavelength (see Figure 6a). Therefore, the emitting range and the associated CIE
coordinates can significantly be tuned (Figure 6b). Thus, the optimization of luminescence properties
can also be performed through the control of excitation parameters “*Y. Sokolniki et al. “? and
Martinez et al. 3 investigated the tunning of emission color for Sr,Yg(Si04)0,:Eu and Y,Si,05:Eu,
respectively. In both phosphors, two valence states of europium are stabilized: Eu*" and Eu®*. Eu** is a
4f° jon, its luminescence originates from 4f = 4f transitions and is then scarcely influenced by the ion
environment (Figure 5a). In these silicate hosts, the Eu*" excitation spectra are composed of a broad

a) b)
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Figure 5 : a) Schematic representation of a 3D excitation and emission photoluminescence spectra
and b) associated CIE diagram.

band centered at 260 nm attributed to O - Eu’* charge transfer transition and several sharp peaks
attributed to 4f transitions from 350 to 475 nm. The Eu®* red emission is assigned to D> 'F(J=0,
1, 2, 3, 4) transitions. The Eu** excitation spectrum is composed of one broad band (4f" > 4af°sd’
transition) shifted to higher wavelength compared to Eu®* charge transfer band. The emission

spectrum is also composed by one broad band assigned to the 4f°5d' = 4f’ transition (Figure 5b).



Due to the d levels involved in the radiative processes, the luminescence properties of Eu®" ions

are strongly crystal fields dependent. In the silicate hosts Sr,Y5(Si0,4)s0, and Y,Si,0,, the emission
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Figure 6 : Schematic representation of energetic levels and associated transitions of a) Eu*" ion b)
Eu* ion c) Photoluminescence emission spectra of Sr,Yg(Si04)s0,:Eu material (black, Aee = 380 nm)
and YAG:Ce®" (red, Aoxc = 450 nm). Reprinted with permission from Sokolnicki et al. 2.

broad band is centered at around 500 nm, leading to a green contribution. At the appropriate
excitation wavelength, emissions from both Eu** and Eu®* ions in the green and red ranges can be
obtained resulting in a larger covering of the visible range than the most widely used phosphor for w-
LEDs application : YAG:Ce*" (Figure 5c). Thus, these silicate phosphors are very promising for such
application since they provide CIE coordinates close to the standard white light and a high CRI (Color
Rendering Index) up to 89. However, the best performances for LEDs application are not

systematically reached at the optimized wavelengths.

4. Quantification of the valence state of dopants

It is important to note that it is not possible to precisely quantify the ratio of two oxidation
states of one dopant using the photoluminescence properties only. Thus, the efficiencies of
excitation and emission of activators depends strongly on many parameters including the excitation
wavelength (see associated section), or absorption cross-section. Energy and charge transfers can
also occur between ions, as well as non-radiative deexcitations (e.g. multiphonon relaxations via
lattice vibration), leading to the variation of luminescence properties of emitting centers. Thus, in
order to identify and quantify different oxidation states of dopant, several methods can be
considered among which Electron Paramagnetic Resonance (EPR), X-ray Photoelectron Spectroscopy

(XPS), or X-ray Absorption Near Edge Spectroscopy (XANES).
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Electron Paramagnetic Resonance (EPR) spectroscopy allows the identification of paramagnetic
dopants including Mn*, Mn*, Cr**, Yb®*, Ce® or Eu* ions ", Nevertheless, this characterization
technique is limited since it can only provide a comparison of the dopants concentrations between
samples by comparing the intensity of EPR signals. For instance, in the EPR spectra presented on

Figure 7, the signal is characteristic of Mn*" ion and its intensity variation is qualitatively linked to the
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Figure 7: Mn®* EPR spectra with six characteristic hyperfine transitions of several samples a)
Bag 75Al11017 5:Mn** synthesized in different atmospheres b) Mn doped (1-x) Bag75Al1101725 - X
BaMgAl;,047 solid solutions with x =0, 0.5 and 1. Reprinted with permission from Hu et al. fs],

Mn?* concentrations. Hence, Hu et al. ™ highlighted the variation of Mn?* doping ion concentration
in i) Bag75Al110475 host according to the synthesis condition (Figure 7a) ii) (1-x) Bag 75Al11017.25 - X

1.5% and Murata et

BaMgAl,,04; solid solution sample with various x values (Figure 7b). Chen et a
al.® demonstrated the Mn*" stabilization owing to Mg”* charge compensator introduction in
LaAlO;:Mn*,Mg®* and CaAl;,019:Mn*,Mg”*. Thus, the EPR spectra analysis allows not only to identify
the magnetic species inserted in the material but also to construe the luminescence properties
variation. Beside the identification and relative quantification, EPR spectroscopy also provides

specifications on the material structure and on the local environment of the probing ion.>#4¢!
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X-ray Photoelectron Spectroscopy (XPS) is an efficient tool to probe the composition of a material as
well as the valence state of inserted ions. This technic allows a precise quantification of the
concentration of an element. Nevertheless, the doping concentration of luminescent center is very
often below its detection threshold. Moreover, XPS is a surface characterization technique with a
probing depth of about 10 nm. Even when the dopant ions are randomly distributed in the material,

the investigated volume is not always representative of the bulk. Several groups have performed XPS

[17,52] [24,53,54] [30,55]
, Eu

analysis to characterize samples doped with Ce , or Mn ions. Due to the typically
low concentration of dopants, an absolute quantification of each oxidation state of dopant is, in most
cases, not possible. XPS spectra analysis of such sample still provides many information such as i) the
identification of each element inserted in the matrix, ii) the evidence of different oxidation states for

a dopant, and iii) the relative ratios of concentrations.

X-ray Absorption Spectroscopy (XAS) is a powerful method for the investigation of structural and
electronic properties. While EXAFS (Extended X-ray Absorption Fine Structure) provides information
on atom environment t(bond lengths, neighbouring element, ...), the X-ray Absorption Near Edge
Spectroscopy (XANES) region is related to local atomic states. Thus, the identification and precise
quantification of each valence state of a dopant can be carried out "*®. In that respect, Avci et al.
[56]

reported the investigation of Eu-doped CaAl,0, material. Both Eu** and Eu®" signatures are

highlighted on XANES spectra (see Figure 8), as well as the variation of the valence distribution
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Figure 8 : XANES spectra of CaAl,0,:Eu material after post-annealing treatment under
reducing atmosphere at different temperatures. Eu,0; and EuS XANES spectra used as
reference are reported in inset. Reprinted with permission from Avci et al. [s6],
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according to the temperature of the reductive treatment. Eu®* fraction exceed 80% after a 1200 °C
reductive treatment. Nevertheless, XAS cannot be systematically implemented. Thus, despite recent
advances, the precise determination of dopant valence state distribution still remains challenging.
The several characteristics for the identification and quantification of dopants and associated

investigation domains of these three detailed methods are summarized in Figure 9.

5. High throughput screening approach: a promising strategy

High throughput screening approaches allow the investigation of a large amount of
compounds. Thus, as no reliable predictive theory exists for the optimization of luminescence
properties, this strategy allows to accelerate the discovery of new luminescent by reducing the cost

and saving time %3],

The implementation of a high throughput screening process includes several steps. The first one
corresponds to the identification of factors with the highest impact on targeted properties (e.g.
material composition, dopant concentration, synthesis conditions such as temperature, duration or
atmosphere...) to reduce the number of possible combinations. The second step consists in defining a
strategy for high throughput screening correlated to the material synthesis. To this end, the synthesis
of the studied material needs to be straightforward and standardized. Many reported works took

%671 pioneer studies on high throughput screening

advantage of spatial arrangement design
approach, investigating several material compositions, developed systems such as electron beam
evaporation for thin films or robotic platforms ©*®*7% |ibraries can be obtained and systematically

characterized, leading to the discovery or the fast optimization of the desired functional material.

This promising high throughput screening approach can also be adapted to the GRD method

71 Multiple samples with controlled dopant oxidation states can be

presented previously
synthesized in one pot, which increases significantly the speed of the material discovery with

optimized properties. Eu-doped SrAl,O, is synthesized following this approach P&. In that respect,
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Figure 10: a) Evolution of Eu-doped SrAl,O, resulting photoluminescence according to the post
treatment temperature and b) Variation of the photoluminescence intensity of Eu** and Eu®* ions
inserted in SrAl,O, host according to the post treatment temperature. Reprinted with permission
from Behrh et al. B%.



spatially arranged samples are post treated along a temperature gradient with CaH, used as oxygen
getter. Along this gradient, different dopant oxidation states ratios can be reached, and the resulting

emission color of the material can be tuned as presented in Figure 10.

This study highlighted the possible adaptation of GRD method into a high throughput screening
approach , and could also be more thoroughly investigated and generalized to other luminescent or
even non-luminescent materials ">”*\. Combination of such approaches with algorithms have also

recently emerged **’*7% to accelerate the material discovery.

6. Conclusion

In this minireview, a collection of approaches for the stabilization and the fine control of
different oxidation states for one dopant, such as the modification of atmosphere synthesis, the
insertion of a charge compensator, or the gradual reduction/oxidation under temperature gradient,
has been highlighted. Although the precise determination of inserted dopants is crucial for the
optimization of properties, the quantification remains challenging, especially due to the typically low
concentrations of dopants. Furthermore, although the stabilization of several oxidation states of a
dopant has been demonstrated in many studies, the mechanism of oxidation remains unclear. Up to
now it can be assumed that i) such phenomena could occur with cation diffusion inside the crystal
lattice ii) charge balance preservation is governed by the formation (reduction process) or filling
(oxidation process) of oxygen vacancies. For that reason, further works is needed to better
rationalize the mechanism of reduction / oxidation of dopant ions inserted in the host matrix. To
accelerate the discovery of new phosphors, high throughput screening is a promising approach. Such
strategy has been applied to the gradual reduction/oxidation of dopants under a temperature
gradient. All accessible oxidation states of the dopants can be stabilized and their concentration can
be finely controlled. While this minireview mainly focused on luminescence materials, we believe the
modulation of valence states of dopants could also be applied and transpose to many other

compounds, with for example magnetic, conductive or catalytic properties.
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