
INORGANIC CHEMISTRY
FRONTIERS

REVIEW

Cite this: Inorg. Chem. Front., 2024,
11, 1668

Received 15th December 2023,
Accepted 16th January 2024

DOI: 10.1039/d3qi02588h

rsc.li/frontiers-inorganic

Recent progress on modulating luminescence
thermal quenching properties of Bi3+-activated
phosphors

Xiang Lv, Ran Xiao, Jianxia Liu, Chunwei Yang, Yanmei Xin and
Ning Guo *

The luminescence thermal quenching properties of phosphor materials have been a huge challenge for

their wide application. Therefore, how to modulate the thermal quenching property of phosphor materials

has become a research hotspot nowadays. The luminescence thermal quenching behavior of rare earth

and transition metal ions has been widely researched in the past decades. In recent years, bismuth as a

novel, nontoxic, and inexpensive activator ion has attracted much attention from researchers. However,

Bi3+-activated phosphors always suffer from horrible thermal quenching effects. In this contribution,

many Bi3+-activated phosphors with excellent antithermal quenching are summarized in detail, and four

design strategies for modulating the thermal quenching properties of Bi3+-activated phosphors are pro-

posed: (1) defect engineering; (2) structural modulation; (3) lattice structure rigidity; and (4) energy trans-

fer. In addition, the challenges and opportunities for the wide application of Bi3+-activated phosphors are

presented. This review provides a reference for the design and development of novel antithermal quench-

ing Bi3+-activated phosphors.

1. Introduction

Phosphor-converted light-emitting diodes (pc-LEDs) are exten-
sively utilized in solid-state lighting, backlight displays, and
biological imaging due to their low energy consumption, high
brightness, and rapid response time.1–3 However, the lumine-
scence thermal quenching properties of phosphors have been
a significant challenge for the broad application of pc-LEDs.4,5

Bi3+-activated phosphors are widely used in pc-LEDs owing to
the fact that they are non-toxic, inexpensive, and can be syn-
thesized directly under air conditions without the need for a
reducing environment.6 However, Bi3+-activated phosphors
always suffer from horrible thermal quenching (TQ) effects. It
is a great challenge to improve the antithermal quenching
characteristics of Bi3+-activated phosphors for their appli-
cations in pc-LEDs and even in high power and laser LEDs.7,8

In the past few years, several reviews have briefly introduced
several important design strategies to reduce the thermal
quenching performance of inorganic luminescent materials,
including component design such as defects, crystal structure,
and crystallinity of materials, and composite structure design
such as laminate structure, surface coating and glass process.9

A large number of studies have shown that the thermal

quenching phenomenon of the Bi3+ 3P1 → 1S0 transition is
closely related to the cross-relaxation between the excited state
3P1 and ground state 1S0 levels of Bi

3+ ions and thermal ioniza-
tion at high temperatures.10 In general, the greater the energy
level difference between the 3P1 energy level of the Bi3+ ion and
its intersection point with the 1S0 energy level (cross-relaxation
point), the less likely it is to experience cross-relaxation, and
the better the antithermal quenching.11 At the same time, the
greater the energy difference between the 3P1 energy level of
the Bi3+ ion and the conduction band of the matrix, the less
likely it is that thermal ionization will occur, and it is easier
to suppress the thermal quenching phenomenon and
reduce the non-radiative transition process.12 Accordingly,
four strategies, namely defect engineering, structural
modulation, lattice structure rigidity, and energy transfer,
to modulate the thermal quenching characteristics of Bi3+-
activated phosphors are summarized and presented for
developing more Bi3+-activated antithermal quenching
pc-LEDs.

2. Luminescence thermal quenching
properties of Bi3+-activated phosphors

The electron configuration of the Bi3+ ion is [(Xe)4f145d10]6s2,
with a ground state of 1S0. The excited states originating from
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the 6s6p configuration are the 3P0,
3P1,

3P2 and 1P1 states,
arranged in ascending order of energy.13 Transitions from 1S0
to 3P1,

3P2 and 1P1 are represented as A-, B- and C-bands in
spectroscopy, as shown in Fig. 1a. The transitions from 1S0 to
3P0 and 3P2 remain entirely spin-forbidden, irrespective of the
unique configuration. The energy levels of 3P1 and 1P1 are
mixed by spin–orbit coupling. Therefore, only 1S0 → 3P1 and
1S0 → 1P1 transitions are expected to have reasonable absorp-
tion intensity.14 In most matrices, the A-band is located in the
ultraviolet region, while the C-band is located in the vacuum
ultraviolet (VUV) region, constituting the broad absorption
band of the Bi3+ ion.

In addition, the metal-to-metal charge transfer (MMCT)
process can occur between the Bi3+ ion and the transition
metal ions with d0 or d10 configurations, such as Ti4+, V5+,
Nb5+, Ta5+, Mo6+, and W6+ in oxide-type host materials, which
involves transferring an electron from the Bi3+ ion to the host
metal cations (Mn+) (M = Ti, V, Nb, Ta, Mo). According to the
electronic configuration of Mn+, the transition is expressed as
Bi3+(6s2)/Mn+(d0) → Bi4+(6s1)/M(n−1)+(d1) or Bi3+(6s2)/Mn+(d10) →
Bi4+(6s1)/M(n−1)+(s1).13 Boutinaud developed a preliminary
empirical model to predict the MMCT emission in some Bi3+-
doped d0 transition metal oxides (titanates, vanadates, nio-
bates, etc.), and proposed three types of MMCT emission,15 as
shown in Fig. 1b. (1) The MMCT energy is less than the 3P1
energy level. In this case, the MMCT state is directly excited

and emitted. The 3P1 → 1S0 transition is not excluded. (2) 3P1
→ 1S0 and MMCT transition have roughly the same energy. In
this case, both the MMCT state and 3P1 state should emit, and
the relative intensity will be different according to different
temperatures. (3) The MMCT energy is greater than the 3P1 →
1S0 transition. In this case, the 3P1 state is directly 1S0 → 3P1
excited and 3P1 →

1S0 emitted. Excitation of the MMCT state is
still possible and after absorbed energy transfer the state can
be MMCT emission or 3P1 →

1S0 emission.
In general, the Bi3+ thermal quenching phenomenon is

closely related to the thermal ionization processes and cross-
relaxation between 3P1 (excited state) and 1S0 (ground state)
energy levels at high temperatures,10 as shown in Fig. 1c.
The cross-relaxation process occurs when the temperature is
high enough that an electron located at 3P1 can overcome
the energy barrier (ΔE), reach the intersection of the 3P1 and
1S0 energy levels, and then return to 1S0. The larger the ΔR
(the horizontal distance between the two parabolas 3P1 and
1S0) and ΔE values are, the more difficult it is for the elec-
trons located in the 3P1 energy level to reach 1S0 by non-
radiative transitions during the warming process, and the
better the antithermal quenching performance of Bi3+ is.16

The process of thermal ionization is the transition of elec-
trons in the excited state during warming to the conduction
band of the host, which is lost by a non-radiative
transition.12

Fig. 1 (a) Energy level scheme of Bi3+ ion. (b) Different configurations of energy levels leading to luminescence in Bi3+-activated phosphors. (c)
Thermal quenching mechanisms of Bi3+ ion.
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3. Bi3+-activated phosphor thermal
quenching modulation strategy

Most of the current pc-LED phosphor materials consist of
rare earth or transition metal activator ions and inorganic
hosts. The activator ions are principally Eu2+, Ce3+, and Yb2+

represented by 5d–4f electron transitions;17,18 Eu3+, Tb3+,
and Pr3+ represented by 4f–4f electron transitions;19,20 and
Mn2+, Mn4+, and Cr3+ represented by 3d–3d electron tran-
sitions.21 Except for the 4f–4f electron transition, the lumine-
scence properties of the 5d–4f and 3d–3d electron transitions
are extremely susceptible to the influence of the surrounding
environment. The main group element Bi3+ with 6p–6s elec-
tron transition is very sensitive to changes in the local lattice
environment, and its emission can be dramatically regulated
from blue → green → yellow → red depending on the radius,
electronegativity, and change in charge of the surrounding
ions.13 These new environmentally friendly non-toxic, in-
expensive, wide-emission Bi3+-activated phosphors with full
visible spectrum modulation have great application advan-
tages for solid-state lighting. However, Bi3+-activated phos-
phors always suffer from horrible thermal quenching effects.
Accordingly, we propose four strategies to section the
thermal quenching properties of Bi3+-activated phosphors,
as shown in Fig. 2: (1) defect engineering; (2) structural
modulation; (3) lattice structure rigidity; and (4) energy
transfer.

3.1. Defect engineering

As key parameters in modulating the thermal quenching pro-
perties of fluorescent materials, defects have two kinds of
effects on phosphors. On the one hand, forming a suitable
defect energy level, which can compensate the emission of
luminescent ions in the process of heating and improve their
antithermal quenching properties.22 On the other hand, due
to the complexity of defects introduced in the synthesis
process, some defects on the surface of phosphor particles will
lead to the loss of activator energy. Removing Ca cation
vacancy defects in Ca3(PO4)2:0.07Ce

3+,0.07M (M = Li+, Na+,
and K+) phosphors by using an anti-defect engineering strat-
egy with the introduction of Li+, Na+, and K+ ions has been
proposed by Pan et al.23 The photoluminescence emission
(PL) intensity recorded at 150 °C in these Ca3(PO4)2:Ce

3+,Li+,
Ca3(PO4)2:Ce

3+,Na+ and Ca3(PO4)2:Ce
3+,K+ phosphors main-

tained 78.33%, 87.92% and 69.67% of the value at 25 °C,
compared with 45.81% in the Ca3(PO4)2:Ce

3+. At the same
time, too high a concentration of defects will destroy the
host lattice structure, which reduces the stability of the host
structure and antithermal quenching properties of activator
ions.6

Fig. 3a shows a schematic diagram of energy transfer from
a typical defect energy level to the Bi3+ excitation energy level
in a fluorescent material. In the low temperature range, some
electrons are induced to be trapped and stored in the trap
energy level by introducing defects in the fluorescent material

Fig. 2 Bi3+-activated phosphor thermal quenching modulation strategy.
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as the trap energy level. After thermal stimulation, the trapped
electrons transfer from the trap energy level to the excited state
energy level of the luminescent ion through the host conduc-
tion band, thus realizing the luminescence process.24

Therefore, zero or even negative quenching occurs when the
trap energy level captures and releases electrons in dynamic
equilibrium.25 An effective energy transfer occurs from the
trap to the luminescence center, formally providing additional
excitation energy for the luminescent ions, resulting in stron-
ger luminescence. Therefore, the amount, type and depth of
defects become the key to the anomalous thermal quenching
properties. In addition to selecting hosts with inherent
defects,26 defects can be introduced by cation nonequivalent
substitution and introducing lattice vacancies.

3.1.1 Cation nonequivalent substitution. Cation nonequi-
valent substitution is the most dominant way to introduce
defects. Nonequivalent substitution is prone to occur when
the radii of the ions inside the lattice are similar. On the one
hand, higher valence ions replacing lower valence ions create
positive defects, while the reverse process forms negative

defects. On the other hand, their unequal substitution will
cause the non-conservation of charge in the lattice, which as a
result will induce the generation of defects with opposite
charge. Tang et al. replaced the lower valence K+ ions with
higher valence Eu2+ ions and the higher valence Hf4+ ions
with lower valence Sc3+ ions in the K2HfSi3O9 host to form the
positive defect Eu•

K and negative defect Sc′Hf, respectively.
Meanwhile positive defect Eu•

K and negative defect Sc′Hf

induced the formation of oppositely charged V′K and V••
O,

respectively, to maintain electrical neutrality.28 Wei et al. used
higher valence Ce3+ ions to replace the lower valence Ca2+ in
the Li2CaSi2N4 host to form positive defects Ce•Ca and further
induced negative defects V″Ca.

29 LiTaO3:xBi
3+ phosphors syn-

thesized by Hu et al. produced BiLi
2+ and TaLi

4+ positive
defects and induced V••

O negative defects by the substitution of
higher valence Bi3+ and Ta5+ for lower valence Li+.27 Recording
a thermoluminescence (TL) spectrum is the most direct way to
determine the number of electrons contained in the trap and
the depth of the trap. As shown in Fig. 3b, the LiTaO3:0.01Bi

3+

TL curve is mainly composed of three parts: TA, TB, and TC.

Fig. 3 (a) Defect engineering modulation mechanism of the thermal quenching performance of Bi3+-activated phosphors. (b) The trap distribution
in the LiTaO3:1.0%Bi3+ phosphor. (c) Trap depth distribution in the LiTaO3:1.0%Bi3+ phosphor. XPS spectra at the binding energy range for Bi 4f (d),
Ta 4f (e), and O 1s (f ). (b–f: Reproduced with permission.27 Copyright 2020 Elsevier B.V.).
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The depth of the trap can be roughly estimated by using
eqn (1):30

E ¼ Tm=500 ð1Þ

where Tm represents the maximum value of the peak tempera-
ture, while E stands for the trap depth. The calculated trap
depths from low to high are 0.55–0.60 eV (TA), 0.83–0.97 eV
(TB) and 1.16 eV (TC), as shown in Fig. 3c. The combination of
the pyroelectric spectra and the calculated trap densities
allows us to determine that the shallower traps TA and TB store
more electrons compared to the deep trap TC. Combined XPS
analysis of the binding energies of the Ta 4f, Bi 4f, and O 1s
orbitals in the matrix and LiTaO3:0.05Bi

3+ identified three
traps TA, TB, and TC as belonging to the V••

O, BiLi
2+ and TaLi

4+

defects, respectively, and are shown in Fig. 3d–f.
3.1.2 Introducing lattice vacancies. By directly reducing the

ions in the lattice one can directly introduce lattice vacancies
thus forming defects. However, the absence of ions in the
lattice causes a decrease in the rigidity of the crystal structure.
Therefore, the luminescence of activator ions is only favored
by the introduction of a specific number of vacancies in a
specific substrate. Wei et al.6 introduced Zn vacancy defects in
Ba2ZnGe2O7:Bi

3+ phosphors using an appropriate Zn

deficiency strategy and determined that a 5% reduction in Zn
is most favorable for thermoluminescence compensation
(Fig. 4e). Accordingly, the thermally induced emission com-
pensation mainly originates from the auto-oxidation behavior
of Bi2+ ions in Zn vacancies and the presence of oxygen
vacancy defects. Oxygen vacancies are induced by the charge
imbalance caused by Zn vacancies and Bi3+ ions replacing Ba2+

ions, as shown in Fig. 4a. The presence of oxygen vacancies,
Zn vacancies and Bi2+ ions can be confirmed by X-ray photo-
electron spectroscopy (XPS) and the position of characteristic
peaks of electron paramagnetic resonance (EPR) spectra as
shown in Fig. 4b and c. The use of thermoluminescence (TL)
spectroscopy confirms the maximum thermoluminescence
emission of the 95% Zn sample (Fig. 4d). The emission inte-
gral intensities of Ba2Zn0.95Ge2O7:Bi

3+ phosphors at 150, 200
and 250 °C reached 138%, 148% and 134% of those at room
temperature, respectively (Fig. 4e).

3.2. Structural modulation

Variations in lattice structure are primarily due to variations in
the atoms that compose the interior of the lattice. Since the
anions that constitute the host directly affect the properties of
the material (such as oxides, nitrides, halides), the formation

Fig. 4 (a) Schematic mechanism for anti-TQ property in Ba2ZnGe2O7:Bi
3+ and Ba2Zn0.95Ge2O7:Bi

3+. (b) XPS spectra of Bi 4f for Ba2ZnGe2O7:Bi
3+

(marked as Zn1), Ba2Zn0.95Ge2O7:Bi
3+ (marked as Zn0.95), and Ba2Zn0.9Ge2O7:Bi

3+ (marked as Zn0.9) phosphors. (c) EPR spectra for the Ba2ZnGe2O7

host, and Ba2ZnGe2O7:Bi
3+ and Ba2Zn0.95Ge2O7:Bi

3+ phosphors. (d) TL curves of Ba2ZnGe2O7:Bi
3+, Ba2Zn0.95Ge2O7:Bi

3+, and Ba2Zn0.9Ge2O7:Bi
3+

phosphors; the insets are the magnified curves of peaks TL1 and TL2 (TL1, TL2, and TL3 represent the traps, respectively). (e) The integrated intensity
of Ba2Zn1−xGe2O7:Bi

3+ (0 ≤x ≤ 0.15); the inset plots the temperature-dependent PL spectrum of the Ba2Zn0.95Ge2O7:Bi
3+ phosphors (a–e:

Reproduced with permission.6 Copyright 2020 Wiley-VCH GmbH.).
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of solid solutions by anionic substitution is not possible due
to the vast differences in synthesis and preparation methods.
Therefore, crystal structure modulation is generally performed
by cation substitution in specific types of hosts.31 According to
the differences in the constituent lattice cations, substitution
can be mainly categorized into that of host cations and cations
in ionic complexes. Once the crystal structure is determined,
the luminescence thermal quenching properties of the phos-
phor can be strongly influenced by the chemical substitution
of cations in the host cations and cations in ionic complexes.32

As shown in Fig. 5, the environment around Bi3+ is affected by
the chemical substitution of the host cations and/or cations in
ionic complexes, which affects the nephelauxetic effect and
crystal-field splitting of Bi3+.13,33 The energy gap between the
ground state 1S0 and the excited state 3P1 is altered, which
affects the luminescence thermal quenching properties of Bi3+.
In particular, due to the alteration of the ions constituting the
host conduction bands, not only the thermal ionization
process is affected, but also the MMCT process is generated in
a specific substrate.

3.2.1 Substitution of host cations. The host cation is the
Bi3+ substitution of cations in the matrix after doping with
Bi3+. In general, the crystal-field splitting strength (Dq) can be
evaluated by using eqn (2):13

Dq ¼ 1
6
Ze2

r4

R5 ð2Þ

where Z represents the charge and valence of the anion, e
denotes the electron charge, r stands for the wave-function
radius, and R signifies the bond length between the central
cation and its ligands. Accordingly, the degree of Bi3+ crystal-
field splitting is mainly related to the bond length R between
Bi3+ and its ligand. If the two different host cations substituted
in the lattice have the same coordination number and can
form the same space group, the bond length R between Bi3+

and its ligand is proportional to the difference in radius
between the two substituted ions. Generally, the larger the
radius of the host cation, the longer the bond length between
it and the ligand, and the longer the average bond length
between Bi3+ and its ligand. As the bond length R between Bi3+

and its ligand increases, the crystal field splitting of Bi3+

decreases, and when the energy level difference between the
ground and excited states increases, the activation energy of
thermal quenching increases and the antithermal quenching
property of Bi3+ increases. In the YVO4:Bi

3+ phosphors pre-
pared by Kang et al.,34 the small radius of Sc3+ was substituted
by the large radius of Y3+ in an octa-coordinated environment.
The bond length between Bi3+ and the ligand O increased, the
crystal field splitting of Bi3+ decreased, the energy gap between
the 1S0 and 3P1 energy levels increased, the Bi3+ emission was
significantly blue-shifted as shown in Fig. 6a, and the Bi3+

emission showed a significantly linear dependence on the
increase of Y3+ substitution, as shown in Fig. 6b. The energy
gap between the 1S0 and 3P1 energy levels increased, the acti-
vation energy of thermal quenching increased, and the antith-
ermal quenching property of Bi3+ increased.

3.2.2 Substitution of cations in ionic complexes.
Substitution of cations in ionic complexes occurs at metal
cation sites in the matrix other than the host cation. The
crystal environment around Bi3+ can be indirectly affected by
changing the cations in ionic complexes. The changes in ionic
radius, electronegativity, and charge of cations in ionic com-
plexes affect the ligand of Bi3+, which in turn affects the bond
length between Bi3+ and the ligand. As shown in eqn (2), the
larger the bond length R between Bi3+ and its ligand, the
smaller the crystal field splitting of Bi3+, the larger the energy
level difference between the ground state 1S0 and the excited
state 3P1, the larger the activation energy of thermal quench-
ing, and the better the antithermal quenching property of Bi3+.
Because of the uncertainty of the effect of cation substitution

Fig. 5 Structural modulation mechanism of the thermal quenching performance of Bi3+-activated phosphors.
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on the surroundings of Bi3+ ions in ionic complexes, this struc-
tural change cannot be determined simply by the number of
substituted ionic ligands and ionic radii, but rather by the
direct determination of the energy gap between the altered
Bi3+ excited state and the ground state. The relative positions
of the excited and ground state energy levels of Bi3+ can be
obtained not only by processing the diffuse reflectance spectra
with the Kubelka–Munk formula (as shown in eqn (3) 36 and
(4) 37), but it is also proportional to the activation energy of the

thermal quenching ΔE (as shown in the Arrhenius formula of
eqn (5) 38):

½FðR1Þhν�n ¼ Aðhν� EgÞ ð3Þ

where F(R∞) represents the Kubelka–Munk function, and n is
determined by whether the host absorption signifies an
indirectly (n = 1/2) or directly (n = 2) allowed transition. A rep-
resents the proportionality constant, and hν stands for the

Fig. 6 (a) Normalized emission spectra of (Y1−y,Scy) (Nb1−x,Vx)O4:Bi compounds. The Bi-doping content is 0.01 mol%, and the sequence for x and y
values is 0.0, 0.2, 0.4, 0.6, 0.8, and 1.0. (b) Dependence of the emission band position on the V/Nb and Sc/Y ratios. The fitted curves (red) are based
on the equation m = a + A exp(−n/k) for Y(Nb1−x,Vx)O4:Bi compounds (curve 1) and m = a + kn for (Y1−y,Scy)VO4:Bi compounds (curve 2), respectively.
(c) The energy-gap value of Ynb1−xTaxO4:0.005Bi

3+ calculated according to the Kubelka–Munk absorption function (x = 0.0–0.8). (d) Dependence
of the thermal quenching activation energy (ΔE) on the Nb/Ta ratios. The fit line is shown in green. (e) Diffuse reflectance (DR) spectra of YV1−xPxO4:
Bi3+ (x = 0.00–1.00). The inset is the band-gap value of YV1−xPxO4:Bi

3+ calculated according to the Kubelka–Munk absorption function. (f ) Density
of states in bulk YV1−xPxO4 (x = 0.00–1.00) derived from DFT calculations. (a and b: Reproduced with permission.34 Copyright 2016, American
Chemical Society. c and d: Reproduced with permission.11 Copyright 2021, American Chemical Society. e and f: Reproduced with permission.35

Copyright 2022, American Chemical Society.)
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energy per photon. The Kubelka–Munk function F(R∞) can be
expressed as eqn (4):

FðR1Þ ¼ ð1� RÞ2
2R

¼ K=S ð4Þ

where R denotes the reflection coefficient, K represents the
absorption coefficient, and S stands for the scattering para-
meter. The Arrhenius formula is:

IðTÞ ¼ I0

1þ A� exp � ΔE
KBT

� � ð5Þ

where ΔE signifies the activation energy intensity, I0 is the
initial emission intensity measured at a specific temperature,
I(T ) represents the emission intensity at any temperature, T is
the temperature corresponding to I(T ), and A and KB are con-
stants. KB is referred to as the Boltzmann constant, with a
known value of 8.629 × 10−5 eV K−1. Guo’s group substituted
Ta for Nb in YNbO4:Bi

3+ phosphors.11 When the ratio of Nb5+/
Ta5+ changes from 1/0 to 0.2/0.8, the energy gap of Bi3+

increases from 3.854 eV to 4.101 eV (Fig. 6c). Simultaneously,
the thermal quenching activation energy of Bi3+ increases from
0.473 eV to 0.543 eV (Fig. 6d). Consequently, the emission inte-
gral intensity at 150 °C relative to room temperature increases
from 45% to 90%. Since some cations in ionic complexes with
d0 electronic configurations are an important part of the com-
position of the matrix conduction bands and the MMCT tran-
sitions. The substitution of cations in ionic complexes severely
affects the size of the matrix energy gap and the position of
the MMCT band, which in turn affects the thermal quenching
property of Bi3+ by influencing the type of emission and the
thermal ionization process. When Guo’s group used
Y0.99V1−xPxO4:0.01Bi

3+ as a model phosphor,35 the Bi3+ band
gap increased from 3.44 to 3.76 eV (Fig. 6e), and the host
YV1−xPxO4 widened its band gap from 2.75 to 3.16 eV (Fig. 6f),
and this led to a decrease in electron-transfer potential energy
(ΔET) and an increase in thermal quenching activation energy
(ΔE). Consequently, the relative emission intensity increased
from 0.06 to 0.64 at 303–523 K.

3.3. Lattice structure rigidity

The lattice structure rigidity of the host is closely related to the
thermal quenching property of the activator ions. A frame with
good structural rigidity can significantly reduce the vibration
of the lattice during warming and thus reduce the loss of emis-
sion. The atoms in the lattice with excellent rigid structure are
not easily displaced during the temperature rise, and the
lattice is still able to maintain a relatively good structural rigid-
ity, as shown in Fig. 7a. In contrast, owing to the enhancement
of thermal vibration due to warming, the atoms of the lattice
with poor structural rigidity are significantly shifted and the
rigidity of the lattice is significantly reduced, as shown in
Fig. 7b. The Debye temperature (θD) calculated by experiment
and density functional theory (DFT) can be used as a key para-
meter to measure the rigidity of the crystal structure.39,40 The

high Debye temperature of fluorescent material corresponds to
low lattice vibration frequency and small Stokes shift, which
often reduce the possibility of non-radiative transition.
Therefore, the Debye temperature can help in finding and
screening host materials with relatively good antithermal
quenching performance. The Debye temperature (θD) can be
obtained from the quasi-harmonic Debye model and can be
calculated from eqn (6) and (7):41

θD ¼ h
kB

ð6π2V1=2nÞ1=3f ðσÞ
ffiffiffiffiffi
BS

M

r
ð6Þ

f ðσÞ ¼ 3 2
2
3
1þ σ

1� 2σ

� �3=2

þ 1
3
1þ σ

1� σ

� �3=2
" #�1( )1=3

ð7Þ

where kB and h represent the simplified Boltzmann constant
and Planck constant, respectively; M represents the relative
molecular mass of the primitive cell; Bs is the thermal insula-
tor elastic modulus of the crystal; n is the number of atoms
contained in each primitive cell; V represents the volume of
the primitive cell; and σ is the Poisson’s ratio.

3.3.1 Specific lattice configuration. Materials with high
structural rigidity and excellent lattice symmetry can reduce
the lattice vibration frequency, inhibit the non-radiative tran-
sition process of ions, and reduce the phonon loss. Brgoch
et al. pointed out that lattices with high polyhedral connec-
tivity in fluorescent materials can effectively limit the freedom
of vibration and reduce the nonradiative relaxation process
involving phonons, which ensures that such fluorescent
materials usually have good thermal stability.42 Therefore,
compared with some common fluorescent materials, garnet-
type, β-K2SO4-type and UCr4C4-type phosphors usually have
better structural rigidity, which is more conducive to the
thermal stability of phosphors.

As shown in Fig. 7c, the garnet structure belongs to the
cubic system, and the space group is Ia3d.43 The general
formula is A3B2C3O12, where A, B and C are cations located in
different symmetrical positions. The atom A occupies the 24(c)
lattice of an 8-coordinated dodecahedron, the atom B occupies
the 16(a) lattice of a 6-coordinated octahedron, and the atom C
occupies the 24(d) lattice of a 4-coordinated tetrahedron. Each
octahedron is connected with six tetrahedra, and each tetra-
hedron is connected with four octahedra through a common
angle. The aluminate phosphor Y3Al2Ga3O12:Bi

3+ with garnet
configuration synthesized by Zheng et al. still maintains 90%
room temperature emission intensity at 420 K.46 Ye et al. syn-
thesized the germanate Ca3Lu2Ge3O12:Bi

3+ phosphor with
garnet configuration, which still maintains 75% room temp-
erature emission intensity at 423 K.47 The germanate
Ca4ZrGe3O12:Bi

3+ phosphor with garnet configuration syn-
thesized by Jiang et al. still maintains 80% room temperature
emission intensity at 423 K.48

As shown in Fig. 7d, the prototype of the β-K2SO4 mineral
structure belongs to an orthorhombic system, and the space
group is Pnam.44 Two typical types include an orthosilicate
A2SiO4 type (A = Sr, Ba) and phosphate ABPO4 type (A is a
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monovalent cation such as Na+, K+ while B is a divalent cation
such as Ca2+, Sr2+, Ba2+). The K2BaCa(PO4)2:Bi

3+ phosphor with
β-K2SO4 configuration synthesized by Yang et al. still main-
tains 90% room temperature emission intensity at 423 K.49

The structural prototype of a UCr4C4 mineral belongs to the
tetragonal system, with the space group of I4/m, where Cr and
C are connected to form CrC4 tetrahedra, which are connected
to form the skeleton, with U ions filling the space between the
tetrahedra,50 as shown in Fig. 7e. The general formula of the
compound can be written as Me(A,B)4X4, where Me is an alkali
metal or alkaline earth metal ion, and A and B are coordi-
nation ions. [AX4] and [BX4] tetrahedra form the vierer ring in

the direction of [001] through the common edge or common
vertex connection. Me ions are in the formed ring structure,
and their lattice sites are highly symmetrical and the density k
= (AB/X) = 1, so they have strong structural rigidity. Wu et al.
synthesized the Ba2ZnGe2O7:Bi

3+ phosphor with UCr4C4 type
structure, which still maintains 98% room temperature emis-
sion intensity at 473 K.51

3.3.2 Uncommon lattice configuration. In addition, there
are some special structural matrices with high polyhedral con-
nectivity and lattice symmetry, such as the Sr3Y(BO3)3:Bi

3+

phosphor synthesized by Wu et al., which has high polyhedral
connectivity and high rigidity and still maintains 80% room

Fig. 7 Crystal structure diagrams of structures with good (a) and poor (b) structure rigidity relative to the original crystal structure during the
heating process. (c) Garnet structure model. (d) β-K2SO4 structure mode. (e) UCr4C4 structure model. (c: Reproduced with permission.43 Copyright
2017 Royal Society of Chemistry. d: Reproduced with permission.44 Copyright 2018, American Chemical Society. e: Reproduced with permission.45

Copyright 2016 Royal Society of Chemistry.)
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temperature emission intensity at 423 K.52 The
Ca6BaP4O17:0.5%Bi3+ phosphor synthesized by Liu et al. has
high structural rigidity (θD = 632 K) and maintains 99% room
temperature emission integrated intensity at 423 K.53

3.4. Energy transfer

In addition to energy transfer from defect energy levels to Bi3+,
energy transfer from the host and other sensitizer ions to Bi3+

is possible. Nevertheless, owing to the higher energy levels
associated with Bi3+, the 1S0 → 1P1 and 1S0 → 3P1 absorptions
are located in the near ultraviolet (NUV) region. Constructing
energy transfers from other sensitizer ions to Bi3+ is challen-
ging work. Up-conversion is one possible approach, such as
the energy transfer of Pr3+ → Bi3+ through the special 4f5d
energy level of Pr3+ in YBO3:Pr

3+,Bi3+ phosphors observed by
Zhao et al.54 Unfortunately, few investigations have focused on
the thermal quenching properties of Bi3+. Accordingly, we

focus on the energy transfer from the host → Bi3+ and Bi3+ →
Rn+ to modulate the thermal quenching properties of Bi3+, as
shown in Fig. 8a.

3.4.1 Host → Bi3+. The host → Bi3+ energy transfer is the
most dominant way to enhance the antithermal quenching
property of Bi3+. Anionic groups in the host tend to have more
pronounced absorption in the near-UV area (such as VO4

3−,
NbO4

3−, TaO4
3−, MoO6

6−, WO6
6−, etc.). In specific hosts, the

emission of anionic groups can be directly observed at room
temperature and these hosts are referred to as self-activated
hosts, such as LuVO4,

55,56 ScVO4,
55 and CaWO4.

57 In most
cases, the host emission is already quenched at room tempera-
ture and can only be observed at ultracold temperatures, such
as in LiTaO3.

58 As shown in Fig. 8b, Kang et al.56 investigated
thermal quenching of the Lu0.98VO4:2.0%Bi3+ phosphor
during the low temperature process from 10 to 300 K. With an
increase of temperature under 265 nm excitation, the emission

Fig. 8 (a) Energy transfer modulation mechanism of the thermal quenching performance of Bi3+-activated phosphors. (b) Emission spectra of
Lu0.98VO4:2.0%Bi3+ under 265 nm excitation at 10–300 K. Inset above: the dependence of the relative emission intensity of Lu0.98VO4:2.0%Bi3+ on
temperature upon excitation at 380 nm; inset below: the Gaussian peak deconvolution of the emission spectrum at 100 K. (c) Emission spectra (λex =
385 nm) of Lu0.995VO4:0.5%Bi3+ measured at 298–573 K. Insets show photographs of Lu0.98VO4:2.0%Bi3+ exposed to daylight at 298 K (left), 254 nm
light at 298 K (middle), and 254 nm light at 473 K (right). (d) PL spectra of YNb0.8Ta0.2O4:0.005Bi

3+,0.01Eu3+ at various temperatures. (e) The inte-
grated emission intensity of Bi3+ and Eu3+ at various temperatures. (b and c: Reproduced with permission.56 Copyright 2014 Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim. d and e: Reproduced with permission.59 Copyright 2021 Royal Society of Chemistry.).
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of VO4
3− is weakened, the emission of activator Bi3+ is

enhanced, the energy transfer of VO4
3− → Bi3+ is significantly

strengthened, and the antithermal quenching property of Bi3+

is greatly improved. As shown in Fig. 8c, Kang et al.56 also
tested the thermal quenching of the Lu0.98VO4:0.5%Bi3+ phos-
phor during the process from room temperature to 573 K.
Under the 385 nm excitation of VO4

3−, Bi3+ showed good
antithermal quenching properties, and maintained more than
80% of the initial intensity at 423 K. Subsequent studies by
Peng’s group also confirmed that the efficiency of energy trans-
fer from host → Bi3+ is mainly related to the concentration of
the activator Bi3+ and the energy gap between the two energy
levels.56,57

3.4.2 Bi3+ → Rn+. Considering that Bi3+ 1S0 → 1P1 and 1S0
→ 3P1 absorptions are located in the NUV region, Bi3+ can be
used as a good sensitizer ion to transfer energy to other rare
earth or transition metal ions Rn+ (Rn+ = Eu3+, Sm3+, Tb3+,
Dy3+, Mn2+, Mn4+, etc.) in most cases.13 Accordingly, this strat-
egy of compensating for other activator ions by sacrificing the
specific emission of Bi3+ provides ideas for the design and
development of highly sensitive dual luminescence fluo-
rescence temperature probes based on fluorescence intensity
ratio (FIR).60,61 The efficiency of energy transfer is an essential
factor in limiting the sensitivity of temperature measurement
by this type of fluorescent temperature probe. As shown in
Fig. 8d and e, Guo’s group realized the energy transfer of Bi3+

→ Eu3+ by double doping Bi3+ and Eu3+ in the YNb0.8Ta0.2O4

host.59 Since the energy transfer efficiencies are different, the
emission of Bi3+ and Eu3+ (613–618 nm) was selected for FIR
temperature measurement to have the maximum relative
sensitivity.

4. Summary and outlook

In this review, four strategies to modulate the luminescence
thermal quenching properties of Bi3+-activated phosphors are
presented: (1) defect engineering; (2) structural modulation;
(3) lattice structure rigidity; and (4) energy transfer. Moreover,
the specific measurements and theoretical basis for modulat-
ing the luminescence thermal quenching properties of phos-
phors are detailed with Bi3+ as an example, which can be
widely used for other ion-activated fluorescent materials. The
four strategies for modulating the luminescence thermal
quenching properties of Bi3+-activated phosphors are not com-
pletely independent of each other. We can either integrate
these four strategies to design and develop phosphors with
good antithermal quenching properties, or investigate the
primary factors influencing the luminescence thermal quench-
ing of a specific fluorescent material. In addition, examples of
antithermal quenching and the corresponding mechanism for
representative Bi3+-activated phosphors are summarized as
shown in Table 1, which provides a reference for finding and
developing high-quality antithermal quenching phosphors for
applications in lighting and displays.

Although there have been some approaches to address the
strong thermal quenching behavior of Bi3+-activated phos-
phors, there is a lack of systematic research on high-quality
Bi3+-activated phosphors with anti-thermal quenching. The
challenges and perspectives for the wide application of Bi3+-
activated phosphors are summarized as follows:

(1) At present, although the changes in the microstructures
of the crystals have been confirmed by some characterization
methods, which explained the improvement of the thermal

Table 1 Comparison of antithermal quenching and the corresponding mechanism for representative Bi3+-activated phosphor materials

Composition λex/nm λem/nm I@T (K) Mechanism Ref.

Ca3Sc2Si3O12:0.06Bi
3+ 365 447 103.6%@423 ET between the traps and Bi3+ 62

BaSc2Ge3O10:0.005Bi
3+ 305 370 107%/93%@353/473 ET between the traps and Bi3+ 63

LaGd2SbO7:0.03Bi
3+ 350 520 135.2%@423 ET between the traps and Bi3+ 64

Ba2Zn0.95Ge2O7:0.005Bi
3+ 346 500 138%/134%@423/523 ET between the traps and Bi3+ 6

KGaGeO4:0.01Bi
3+ 365 497 207%/351%@393/513 ET between the traps and Bi3+ 65

Ba2Y0.94AlO5:0.06Bi
3+ 324 574 100%@560 ET between the traps and Bi3+ 66

La0.5ScO3:0.5Bi
3+ 350 420 128.3%@573 ET between the traps and Bi3+ 67

BaGa2O4:0.02Bi
3+ 310 638 93.6%@473 ET between the traps and Bi3+ 68

325 638 88.1%@473 ET between the traps and Bi3+ 68
365 638 174.0%@473 ET between the traps and Bi3+ 68

Cs2.98Zn6B9O21:0.02Bi
3+ 332 436 100%/77%@423/523 ET between the traps and Bi3+ 69

SrSc2O4:0.05Bi
3+ 295 650 110%@423 ET between the traps and Bi3+ 70

Ba1.5Sr0.5Ga4O8:0.01Bi
3+ 325 627 97%@423 Structural modulation 71

YNb0.2Ta0.8O4:0.005Bi
3+ 297 470 90%@423 Structural modulation 11

CaBaGa4O8:0.007Bi
3+ 340 530 73%@423 Highly rigid structure 72

Ba2ZnGe2O7:0.03Bi
3+ 362 520 98%@473 Highly rigid structure 51

Ba3Sc4O9:0.016Bi
3+ 330 508 62.2%@423 Highly rigid structure 73

377 538 68.1%@423 Highly rigid structure 73
K2BaCa(PO4)2:0.01Bi

3+ 340 460 95%/68%@373/473 Highly rigid structure 49
Na2Y2B2O7:0.005Bi

3+ 380 415 76.47%@420 Highly rigid structure 74
Ca3.92ZrGe3O12:0.08Bi

3+ 370 435 64%@483 Highly rigid structure 48
Sr2.55Y(BO3)3:0.45Bi

3+ 370 420 79.99%@420 Highly rigid structure 52
Ba2Lu5B5O17:0.01Bi

3+ 370 408 70%@423 Highly rigid structure 75
K2MgGeO4:0.01Bi

3+ 335 614 85%@393 Highly rigid structure 76
Ca5.995BaP4O17:0.005Bi

3+ 355 398 99%@423 Highly rigid structure 53
Lu0.99VO4:0.01Bi

3+ 385 573 187.8%/50%@373/573 Host → Bi3+ 56
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quenching properties of the activator ion Bi3+, it is still a chal-
lenge to improve and adjust the crystal structure regularly to
regulate the phosphor thermal quenching properties.

(2) There is a lack of evaluation and application systems for
the thermal quenching properties of phosphors. How to regu-
larly adjust the thermal quenching characteristics of phos-
phors to satisfy the needs of practical applications is an urgent
problem to be solved.

(3) With the development of theoretical calculations, there
is some significance in the validation of calculating the para-
meters related to the thermal quenching characteristics of
fluorescent materials, such as the Debye temperature and the
energy gap of fluorescent materials, although, through the
density functional theory (DFT), we are often faced with the
problems of insufficient accuracy of theoretical calculations
and inconsistency between experimental phenomena and
theoretical calculation data.

(4) Many Bi3+-activated phosphors are still in the research
stage and need to be further optimized and improved to be
suitable for practical applications.
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