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In recent years, Bi3+-doped luminescent materials have attracted widespread attention due to their
diverse electronic transition types and tunable emission properties. While most Bi**-doped phosphors
primarily emit in the ultraviolet to yellow spectral region, recent studies have successfully achieved
efficient broadband red and near-infrared (NIR) emission through strategies such as crystal field/defect
engineering and energy transfer, thereby breaking the traditional limitations of the emission spectrum.
This review systematically summarizes the latest progress in Bi**-based red/NIR phosphors, with emphasis
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on the luminescence mechanism, material design strategy, performance influencing factors, and appli-
cation prospects in optical thermometry, plant cultivation lighting, and information encryption. Finally, we
discuss current challenges and future research directions, aiming to provide theoretical guidance and
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1 Introduction

Phosphors activated by Bi** ions ([Xe] 4f'*5d"%6s> electronic
configuration) have attracted considerable attention in recent
years due to their exceptional luminescence properties.'™ The
phosphors exhibit diverse emission origins, including isolated
ion emission, charge transfer states, and ion-pair interactions,
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insights for the development of novel high-performance Bi3+-doped long-wavelength phosphors.

and typically demonstrate broadband emissions spanning
from the ultraviolet (UV) to yellow spectral region.’® However,
extending the emission spectra to longer wavelengths, particu-
larly in the red and near-infrared (NIR) regions, remains a sig-
nificant scientific challenge though it may offer several advan-
tages. In contrast to the parity-forbidden f-f transitions of rare-
earth ions and the parity-forbidden d-d transitions of tran-
sition metal ions, the emission of isolated Bi** ions is primar-
ily attributed to outer electron transitions between the 6s”
ground state ('S,) and the 6s6p excited states (*Po, *Py, *P,, and
'P,). This fundamental difference gives rise to a unique charac-
teristic spectrum, which includes the famous A band ('S, —
*P,, parity-allowed and partially spin-forbidden), the B band
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(*So — °P,, parity-allowed and spin-forbidden), and the C band
(*Se = Py, both parity and spin-allowed). Compared to the
conventional rare-earth (RE) ions for red phosphors (e.g., Eu**
and Sm®"), Bi** possesses unique merits as a main-group acti-
vator, including superior elemental abundance, cost-effective-
ness, and environmental benignity. Owing to its exposed 6s
electrons, Bi** shows optical properties sensitive to the local
crystal field and exhibits luminescence characteristics strongly
dependent on the strength and covalency of the host lattice. By
adjusting the composition and local structure of the host
material, the luminescence performance of Bi*" can be pre-
cisely controlled.’®™® The characteristic excitation of Bi*'-
doped materials occurs in the near-UV/UV region rather than
the visible light region, thus effectively avoiding the problem
of spectral reabsorption in Eu®"- or Ce**-activated broadband
phosphors. This raises luminescence efficiency and signifi-
cantly improves the color purity of the pc-WLED devices.'*
Furthermore, though Cr** is a predominant activator for NIR
phosphors, the emission intensity of Cr*" is highly dependent
on the crystal field strength of its surrounding lattice environ-
ment. More critically, Cr’" is prone to form higher-valence
ions (Cr** and Cr®") under oxidative conditions, which signifi-
cantly compromises the efficiency of NIR luminescence.'”"*®
The inherent limitations of the aforementioned RE** and Cr**
activators have accelerated the growing demand for developing
novel, non-toxic and cost-effective red/NIR-emitting phos-
phors. In this regard, developing Bi**-activated novel phos-
phors and elucidating the underlying mechanisms of Bi**
luminescence hold substantial scientific importance, and the
resulting phosphors may also find promising applications in
solid-state lighting and agriculture photonics.
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Currently, the research on efficient broadband red/NIR
luminescent materials based on Bi** activation remains
limited, and the relationship between spectral characteristics
and the local structure of the host matrix has not been fully
elucidated. Therefore, mechanistic exploration of the red/NIR
luminescence of Bi*" holds significant scientific value. This
review systematically summarizes the latest research progress
on Bi**-doped red/NIR phosphors, with a focus on the key
factors affecting luminescence performance. It also outlines
the strategies and underlying mechanisms of spectral regu-
lation, aiming for precise design of the red/NIR emission invol-
ving Bi**. The materials design approaches discussed herein
may also be extended to other luminescent systems.
Additionally, this review offers perspectives on the challenges
and future directions for the development of Bi**-based red/
NIR phosphors.

2 Spectral characteristics of Bi**
2.1 Energy level characteristics of Bi**

As a non-rare-earth luminescent center, the Bi** ion has been
extensively investigated for its unique optical properties. A free
Bi*" ion has an 'S, ground state, with excited states derived
from the 6s6p electronic configuration ordered by increasing
energy as °P,, Py, °P,, and 'P,. Fundamentally, investigating
the luminescence of ions with an s> electronic configuration
necessitates careful consideration of their complex excited-
state relaxation dynamics. These systems are prone to undergo
significant transition state relaxation in the excited state. For
lighter s> ions, the dominant relaxation mechanism typically
involves the Jahn-Teller effect, which lowers the system’s
energy by distorting the local geometry, thereby breaking
orbital degeneracy and inducing energy level splitting. In con-
trast, for heavier s> ions such as Bi*", strong spin-orbit coup-
ling plays a more critical role. The substantial spin-orbit coup-
ling not only mixes the *P; and P, states, enhancing the spin-
allowed character of the 'S, — ®P; transition, but also activates
the fully spin-forbidden °P, state, granting it spectroscopic
activity. Due to its long decay lifetime, the P, state facilitates
competitive non-radiative relaxation pathways.'*> Among the
excitation transitions of Bi**, 'S, — 'P; is spin-allowed, 'S, —
*p, is weakly observable due to occasional coupling with asym-
metric lattice vibrational modes, 'S, — *P; becomes partially
spin-allowed through spin-orbit coupling-induced mixing of
the *P; and 'P; states, and 'S, — P, is fully spin-forbidden.
The absorption bands of Bi**-doped materials arising from 'S,
— 3Py, °P,, and 'P; transitions are conventionally labeled as A,
B, and C bands, respectively.”*>® The 'S, — *P, and 'S, — 'P,
transition channels have reasonable absorption intensities,
enabling effective excitation and emission in Bi**-doped phos-
phors. Remarkably, through rational host engineering, Bi’*
can exhibit tunable emission spanning from UV to NIR spec-
tral regions. However, the regulation engineering based on
6s6p intrinsic transition has performance instability.
Specifically, when attempting to shift the emission wavelength
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into the red or even NIR region, the required reduction in the
energy gap significantly lowers the energy barrier (activation
energy, AE) between the excited and ground states. This leads
to an exponential increase in the probability of non-radiative
transitions, which in turn causes severe thermal quenching
and a decrease in efficiency. This inherent drawback makes it
difficult to obtain efficient, stable, and long-wavelength
luminescence from Bi** based solely on this approach, thereby
motivating researchers to integrate other methods, such as
enhancing structural rigidity and defect engineering, to
achieve outstanding performance.

Studies have shown that theoretical prediction of the
absorption band positions of Bi*-doped luminescent
materials can be achieved by combining dielectric theory with
an analysis of the host lattice environment.>” Wang et al. suc-
cessfully established a quantitative relationship between the
absorption positions of the A/C bands and an environmental
factor h. through a systematic analysis of the crystallographic
parameters of Bi**-doped compounds:*’

he = > [fe(i)a(i)QU) (1)
Ep = 2.972 + 6.206 exp(—he/0.551) (2)
Ec = 3.236 + 10.924 exp(—h./0.644) (3)

where h. represents the environmental factor; fi(i) and a(i)
refer to the fractional covalency and volume polarization
between the central ion and its nearest ligand, respectively;
Q(i) denotes the charge carried by the anion; and E, and E¢
represent the energies of the A and C transitions, respectively.

2.2 Charge transfer (CT) transitions

In addition to intra-ion transitions, the optical behavior of
Bi*"-activated phosphors also requires consideration of the
contributions from extra-ion transitions. In certain Bi**-doped
compounds, the observed absorption and emission bands
originate from metal-to-metal charge transfer (MMCT)
between Bi** and the transition metal ions in the host lattice.
The excited state is formed by the interaction between the Bi**
energy levels and the metal cation levels, which have a d°/d"°
electron configuration.”®”® Based on the energy difference
between the MMCT state and the A band transition, three
types of luminescence behaviors can be observed (Fig. 1): (a)
MMCT-dominant emission when E(MMCT) < E(*P, o); (b) coex-
isting emission from both MMCT and 3P1,0 states when
E(MMCT) ~ E(*P;,); and (c) *P; — 'S, dominated emission
when E(MMCT) > E(*P, ), though MMCT-mediated emission
may still occur. The MMCT energy can be estimated using the
following empirical formula, which helps to analyze its contri-
bution to the luminescence:

X4 (Mn+)

corr

MMCT (Bi**, em™!) = 70 000 — 52 000

(4)

Xon > 4(M™)

dCOl‘l‘

MMCT (Bi**, em™) = 55000 — 45500

(5)
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Fig. 1 (a)-(c) Different configurations of the energy levels leading to
luminescence in Bi**-doped solids. Reproduced with permission from
ref. 2, copyright 2013, American Chemical Society. (d) The diagram of
the inter-configurational electronic transitions, intervalence charge
transfer (IVCT) transition and metal-to-metal charge transfer (MMCT)
transition of the Bi** ion. Reproduced with permission from ref. 32,
copyright 2016, Elsevier.

dcorr = dhost + % [r(Bi3+) - r(hOSt)} (6)

Formula (4) is valid for 4-coordinated M*" metals, while
formula (5) is valid for metals with a coordination number
greater than 4. The optical electronegativity of the transition
metal is denoted as y(M""). The corrected shortest distance
between Bi** and M™ is represented by d.or, Whereas dpose
refers to the unadjusted shortest distance between Bi*" and
M™. Additionally, (Bi**) and r(host) correspond to the ionic
radii of Bi*" and the host cations replaced by Bi*", respectively.
This implies that by strategically designing the matrix to
control E(MMCT), the emission wavelength can be directly
tuned to the deep red or even NIR region. Furthermore, the
MMCT transition is orbital-allowed and thus inherently holds
potential for high-intensity luminescence. However, the emis-
sion efficiency is highly dependent on whether Bi*" and M™
can form tight ion pairs or clusters within the lattice. If the ion
pairs are randomly distributed and far apart, the resulting
MMCT emission will be rather weak.

In compounds with high Bi** doping concentrations, adja-
cent Bi’* ions (Bi*" pairs) may undergo redox reactions,
leading to intervalence charge transfer (IVCT) processes. This
phenomenon can be described by the following electronic
transition: Bi** (6s%) + Bi*" (6s%) — Bi*" (6s') + Bi*" (6s’6p"). It
should be emphasized that such IVCT transitions are thermo-
dynamically feasible only when the ground state energy level
of Bi** lies below the first excited state (*P;) of Bi**, as shown
in Fig. 1(d).>*%*! Systematic investigations by Dorenbos et al.*>
revealed that in most Bi**-doped materials, in addition to the
characteristic A-band emission (typically located in the high-
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energy region), an additional emission band is frequently
observed in the low-energy region. Comprehensive analysis
suggests that this emission band originates from IVCT tran-
sitions of Bi** ion pairs. The energy position of these IVCT
transitions can be predicted using the following empirical
formula:*

B3+
IVCT (Bi*", em™) = Ko | yon(Bi*T) — aCNZCN( i) )
dCOrr
1 .
deorr = Ahost + 3 [2r(B13+) —r(M) —r(M")] (8)

where yon(Bi*') represents the electronegativity of Bi*" under
the coordination number CN and K¢y and acy are parameters
related to the Bi** ion. The term d_.,, refers to the interatomic
distance of the Bi**-Bi*" pair after doping effects are corrected,
while 7(Bi**), r(M), and r(M’) represent the ionic radii of the
Bi** ion and the ionic radii of the host cations occupied by two
adjacent Bi** ions, respectively.

3 Broadband red/NIR luminescence
based on Bi®** ions

In recent years, Bi**-based inorganic materials emitting in the
near-ultraviolet (n-UV) to yellow light region (300-600 nm)
have been extensively developed and proven to play a crucial
role in applications such as LEDs, display technologies, and
optical sensors. However, the design and realization of Bi*'-
activated materials emitting at longer wavelengths, particularly
in the red and NIR regions, remain limited, though such
materials possess irreplaceable advantages due to their unique
optical properties and are highly valuable for both scientific
research and practical applications.

3.1 Broadband red luminescence based on Bi** ions

The tunable emission characteristics of Bi** stem from the
remarkable sensitivity of the 6s> electron configuration to local
coordination environments. Kang et al®* elegantly demon-
strated this fundamental mechanism in the (Y,Lu,Sc)VO,:Bi**
system, where adjusting the ratio of Lu/Y and Sc/Lu induces
systematic contraction of Bi-O bond lengths. This structural
modification drives a progressive redshift of the emission peak
from 435 nm (blue) to 635 nm (red), as shown in Fig. 2(a) and
(b). Such a phenomenon can be quantitatively explained by the
dielectric chemical bond theory: the reduced bond length
enhances the covalency of Bi**~0®~ bonds, which subsequently
increases the crystal field splitting energy and ultimately
results in an emission redshift. The researchers also estab-
lished a clear correlation between the emission wavelength of
Bi®* and the average covalency (f.) of Ln-O bonds (Fig. 2(c)),
and, through systematic analysis, revealed a positive relation-
ship between the two. Such a principle was further validated in
the (Y,Sc)(Nb,V)O4:Bi*" system, where precise control of V/Nb
and Sc/Y atomic ratios enabled continuous tuning of the emis-
sion peaks from 456 nm (blue) to 647 nm (red) through bond

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 (a) Emission spectra of solid solution compounds (Y,Lu,,
SC,)0.08V04:0.02Bi (x, y, and z = 0-1.0) under 265 nm excitation; inset:
digital photographs of the corresponding samples exposed to natural
light (upper) and a UV lamp with a wavelength of 254 nm. (b) CIE
chromaticity coordinates. (c) Dependence of the Bi** emission position
on the average Ln—0O covalency in the solid solution compounds, where
the red line is generated using the equation y = 0.1259 + 5.176 x 10~ °x.
Reproduced with permission from ref. 34, copyright 2014, Royal Society
of Chemistry. (d) Exemplary photographs of Bi** luminescence in some
(Y,5c)(Nb,V)O,4:Bi** compounds during exposure to a UV-C lamp.
Reproduced with permission from ref. 35, copyright 2016, American
Chemical Society.

length engineering, as seen in Fig. 2(d).>® These findings

demonstrate that rational cation substitution can be an
effective strategy for tailoring the luminescence properties of
Bi*"-doped materials via bond length (covalency) modification.

The enhanced crystal field by bond length changes and
lattice distortion is the key factor leading to the red shift of
Bi*" emission. Dang et al.>® constructed Ba,,,Sr;_,Ga,Og:Bi*"
(x = 0-0.7) phosphors using a cation substitution strategy for
the Ba,Ga,OgBi*" system with a P65(173) space group.
Systematic investigations revealed that as Sr>* progressively
substituted Ba®*, the shortening of bond lengths and the
increase in polyhedral distortion index (D) together enhanced
the crystal field splitting energy. Additionally, the significant
reduction in average electronegativity improved spectral polar-
ization. These effects collectively induced a pronounced red-
shift in both the characteristic emission bands of two emissive
Bi®" centers, enabling precise luminescence tuning from a
cyan green (~470 nm) to red (~630 nm) color (Fig. 3(a)—(c)). An
analogous emission modulation mechanism has been corro-
borated in the (Lug.go_xGd,),WO4:0.01Bi** (x = 0-0.99) system
by Wang et al.,’” where green emission at 510 nm dominates
when x = 0-0.5 and distinct red emission emerges at 610 nm
for x = 0.75-0.99 (Fig. 3(d)). This red shift phenomenon can be
attributed to the significant substitution of Gd**, which
enhances [BiOg] polyhedral distortion (Fig. 3(e) and (f)), crystal
field splitting, the covalency of the Bi**-O>” bond (due to
reduced electronegativity difference) and polarization.
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Fig. 3 (a) Normalized Gaussian fitting PL spectra of Bay.,Sr1_,GasOg:Bi** (x = 0—-0.7) at the three Ba/Sr sites, (b) average bond lengths of Bay/Sr; -0,
Ba,/Sr,—O and Baz/Srz—O, (c) polyhedron distortion indices of Ba;/Sry, Ba,/Sr, and Bas/Srs. Reproduced with permission from ref. 36, copyright
2020, Royal Society of Chemistry. (d) The PL spectra of (Lug.g9_xGdyBig.01)2WOs (x = 0-0.99). The crystal structures and the calculated polyhedral
distortion index of (Lug.g9_xGdxBig.01)2WOg for (e) x = 0—-0.25 and (f) x = 0.75-0.99. Reproduced with permission from ref. 37, copyright 2023, Royal

Society of Chemistry.

Chen et al*® presented a novel design strategy for Bi**-
based red-emitting phosphors. Through Gaussian fitting of
the emission spectrum of NaLaScNbOg:Bi*",Li", they revealed
the synergistic contribution from the A-type transition, Bi**-
Nb*" MMCT, and matrix oxygen vacancy luminescence, as

Wavelength (nm)

shown in Fig. 4(a), where the dominant orange-red emission at
625 nm is primarily due to MMCT-induced emission, as pre-
dicted by empirical formulas. Moreover, this study demon-
strates that modulating the degree of lattice order-disorder
can significantly influence luminescence properties. The
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Fig. 4 (a) The Gaussian fitting peaks of NaLaScNbOg:Bi** (NLSNO:Bi**). (b) Energy level scheme of Bi** ions. (c) Simulated crystal structure of
NLSNO within A-site disordered and ordered models. (d) The PL spectra of the A-site disordered and ordered models. (e) Normalized PL and PLE
spectra of NLSNO:10 mol%Bi**,yLi* (y = 0—8 wt%). Reproduced with permission from ref. 38, copyright 2024, Elsevier.
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primary distinction between the ordered and disordered struc-
tures lies in the arrangement of A-site cations (Fig. 4(c)): in the
ordered model, Na” and La*" (or Bi**) occupy distinct crystallo-
graphic sites in a layered configuration, whereas in the dis-
ordered model, these cations are randomly distributed over
the A and A’ sites without long-range order. The A-site ordering
degree (s) can be evaluated using the formula s = (2w, — 1) X
100%, where w, represents the occupancy of A-site cations at
their expected positions. As the doping content x decreases
from 25 mol% to 10 mol%, the calculated s increases from
16% to 80%. Upon further addition of 6 wt% Li,COj; flux, the s
continues to rise to 99%. This trend can be attributed to the
fact that in the standard double perovskite structure, the larger
A’ site is more suitable for accommodating high-charge triva-
lent cations such as La** or Bi**. However, as the Bi** doping
concentration increases, the electrostatic repulsion between
Bi** and La®" becomes more pronounced. As a result, at x =
25 mol%, a higher proportion of Bi** ions tend to occupy the A
site rather than the A’ site, thereby reducing the overall order-
ing degree. Furthermore, the introduction of flux helps to
reduce structural defects and further enhance cationic order-
ing. In summary, by adjusting the contents of Bi** activators
and flux additive, the extent of lattice ordering can be effec-
tively tuned. As shown in Fig. 4(c) and (d), when the s increases
from 16% to 80%, the emission red shifts from 599 nm to
619 nm. Further increasing the s from 80% (partially ordered)
to 99% (nearly completely ordered) via Li* co-doping also
results in the expected redshift. This redshift is attributed to
the enhanced structural rigidity (higher Debye temperature
©Op) and weaker electron-phonon coupling in the ordered
structure, which collectively contribute to improved thermal
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stability, prolonged luminescence lifetime, and higher
quantum efficiency of the phosphor. This work not only sys-
tematically elucidates the luminescence mechanism of Bi**-
based red-emitting phosphors but also provides valuable
theoretical insights and experimental guidance for perform-
ance optimization.

3.2 Broadband NIR luminescence based on Bi* ions

Broadband NIR luminescent materials hold significant appli-
cation value and development potential in diverse fields,
including medical physiotherapy, security monitoring, bio-
imaging, and food quality analysis. Among various NIR-emit-
ting materials, Bi’*" ions have emerged as superior activators
due to their remarkable properties, including efficient UV/NUV
excitation, high luminescence efficiency, non-reabsorption
characteristics, and excellent luminescence performance in pc-
LED devices.

BaAl;,049, a highly symmetric host material with the P65/
mmc space group, features a unique crystal structure that pro-
vides diverse polyhedral coordination environments including
MO, (M = Bal, Ba2), MO, (M = Al1, Al4), and MO, (M = Al2,
Al3, Al5). This creates favorable conditions for Bi*" ions to
exhibit diverse photoluminescence properties. Wei et al.>° suc-
cessfully achieved tunable luminescence (blue to NIR region)
in BaAl;,0,4:Bi*" by precisely controlling the synthesis atmo-
sphere. It was found that the emission tuning primarily stems
from oxygen vacancy (V,)-induced selective site occupation of
Bi** (Fig. 5(a)): under a N,/H, reducing atmosphere, a high
concentration of V, promotes preferential occupation of Bi** at
higher-coordination number Ba®" sites, leading to deep-blue
emission at 440 nm, and in contrast, the material has fewer
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Fig. 5 (a) NIR emission in Bi**-doped highly symmetric BaAl;;01s, and a schematic diagram of the movement of the Bi** 6s6p energy level at
various cationic sites. Reproduced with permission from ref. 39, copyright 2020, American Chemical Society. (b) Gaussian fitting of the PL spectrum
of the SrgLa2W4024:0.ZSBi3+ phosphor under 396 nm excitation. (c) Energy level diagram and luminescence mechanism of SrgLa2W4024:Bi3+.
Reproduced with permission from ref. 40, copyright 2025, Elsevier. (d) The normalized excitation and emission spectra of the CazLa,W»01:0.2%Bi**
phosphor. (e) O-1s XPS spectra of the CazLa,W,0;, phosphors synthesized under air and reducing atmosphere. Reproduced with permission from

ref. 41, copyright 2024, Elsevier.
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oxygen vacancies when synthesized in air, which causes Bi** to
predominantly occupy lower-coordination number sites, such
as MOg octahedra or MO, tetrahedra, resulting in NIR lumine-
scence. This study offers novel insights for the development of
Bi**-activated NIR phosphors through an in-depth understand-
ing of the mechanism of the NIR luminescence of Bi**. The
SroLayW,0,,:Bi*" phosphor, on the other hand, exhibits
luminescence covering the wavelength range of 550-850 nm
under 396 nm excitation, which closely matches the absorp-
tion spectra of phytochromes Py and Pgg, suggesting its poten-
tial application in plant growth lighting. As shown in Fig. 5(b),
the emission profile can be deconvoluted into two Gaussian
components centered at 690 nm and 764 nm, which are attrib-
uted to Bi*" ions occupying the La, and La, sites in the crystal
lattice, respectively. Further calculations indicated that higher
bond covalency is responsible for the NIR emission of Bi*",
consistent with the linear relationship between bond covalency
(f.) and emission wavelength depicted in Fig. 2(c).** For
another special case, the CazLa,W,0,,:Bi*" phosphor, reported
by Qin et al,"* emits NIR light centered at 710 nm under
350 nm excitation, which originates from the self-activated
luminescence of the matrix. Comparative experiments on the
sintering atmosphere serve as an effective approach for investi-
gating such self-activated luminescence. The results indicate
that the sample prepared under a reducing atmosphere exhi-
bits a significant decrease in NIR emission intensity compared
to the one sintered in air, suggesting that the luminescence
mechanism may be related to oxygen-associated defects.
Further high-resolution XPS analysis of the O1s orbital reveals
a notable reduction in the fitted peak area corresponding to
interstitial oxygen under the reducing atmosphere. This trend
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aligns with the decrease in NIR luminescence intensity, con-
firming that interstitial oxygen defects are the key origin of the
self-activated NIR emission. Upon Bi*" doping, the Bi** ions
would occupy the [LaOg] sites, which creates atomic disorder
and lattice distortion and thus enhances the formation prob-
ability of interstitial oxygen in the lattice (Fig. 5(d) and (e)).
Combining a self-activated NIR emitting matrix with a Bi**
activator to enhance NIR luminescence properties may there-
fore provide a new strategy for further development. In
addition to the above examples, Table 1 summarizes the latest
research advancements on Bi**-doped broadband red/NIR
emitting phosphors, along with the crystal structure and
photoluminescence (PL) properties.

4 Design strategies for Bi**-based
red/NIR luminescence

In this section, we will focus on the design strategy of Bi**
-based red/NIR luminescent materials, aiming to provide a
clearer understanding of the material design logic (Fig. 6).

4.1 Crystal field engineering

4.1.1 Selection of matrix materials. The electronic tran-
sitions of Bi** are highly sensitive to the local coordination
environment. The physical origin of the emission redshift lies
in the fact that in environments with strong crystal fields and
high bond covalency, the energy of the excited state (*P,) is sig-
nificantly reduced to a much greater extent than that of the
ground state ('Sy). In other words, the excited state (*P,) of Bi**
becomes substantially more stabilized relative to the ground

Table 1 Crystal structure and PL parameters of Bi**-doped red/NIR phosphors

Compounds Space group Aex (Nm) Aem (NM) FWHM (nm) QE (%) I@T (°C) Ref.
ScVO, 14,/amd 265/330 635 128 35 86% @150 34,42 and 43
Yo.25€0.8VO, I4,/amd 330 621 225.9 49.4 — 35
Ba, 55T, sGa,0; P65(173) 325 630 283 — 97.1%@150 36
Gd,WOq C2/c 333 610 220 4.09 — 37
NaLaScNbOg C2/m 370 625 123 76 50%@150 38
BaAl;,04o P63/mmc(194) 332 770 82 — — 39
SroLa,W,0,, I4,/a 396 714 170 52.87 ~15%@150 40
CazLa,W,0, R3m 350 710 36 48.82 69.09%@150 41
Na,Ca;Nb,0, R3, 365 667 215 84.2 37%@150 44
Sr;BiY3B,0; 5 P65(173) 257 605 ~200 98.1 ~60%@125 45
Zn,Si0, R3 310 750 104 33 67% @150 46
LaSr,SbOg P124/n1 370 600 108 — 71%@150 47
La,GeOg p1 397 600 103 88.3 78.4%@125 48
ZnWO, P12/c1(13) 365 665 ~225 — — 49
BaGa,0, P63 325 638 ~150 75.1 88.1% @200 50
K,MgGeO, Pca2,(29) 335 614 148 66 72%@150 51
Gd,M00, c2/c 362 670 ~250 — — 52
Y,Ti,0, Fd3m 391 744 120 — — 53
Ba,Ga,GeO, Pi2,m(113) 400-420 611 ~125 — 54
SrBaZn,Ga,0, P6mc 338 600 ~200 ~35%@150 55
Cs,Ag) 6Nao 4InClg Fm3m 365 610 171 ~50%@125 56
Ba;WO;Cl, Cmcm 471 708 — — 57
Sr3Ga,s0Oy P1 380 680 ~150 — — 58
Sro.eLa; 4Zn0, , TA/mmm 390 609 130 13 ~10%@150 59
SrSc,04 Pnam 298 711 — 34 110% @150 60
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Fig. 6 Schematic illustration of the design strategies for Bi**-based red/NIR luminescence.

state ('S,), resulting in a narrowing of the energy gap for the
3P, — 'S, transition. This reduced energy gap leads to a red-
shift in the emission wavelength. Therefore, the luminescence
properties of Bi*" are closely correlated with the crystal struc-
ture of the host material, and selecting an appropriate host is
essential to achieve emission within the desired wavelength
region.

Li et al.®" conducted a systematic study on the luminescent
behavior of Cas(BO3);F:Bi*" and found that the emission red-
shift is primarily due to an enhanced nephelauxetic effect and
increased crystal field splitting. In this system, Bi** exists in
three different coordination environments, with covalent
strength following the order Ca,0Os > Ca;OsF > CazO,F, due to
the differences in ligand electronegativity. With increasing
concentration, Bi** ions preferentially occupy the Ca; site, fol-
lowed by gradual substitution at Ca; and Ca, sites. This results
in a decrease in average ligand electronegativity, an increase in
bond covalency, enhanced nephelauxetic effects and a down-
ward shift of the energy centroid, ultimately causing a redshift
in the emission spectrum. Concurrently, the average distance
between Bi*' ions decreases with increasing concentration,
which strengthens interionic interactions and further elevates
the strength of the local crystal field. Moreover, as the ligand
environment shifts from mixed O*>7/F~ to pure O  coordi-
nation, crystal field splitting energy (4) increases, intensifying
the splitting of the *P; energy level and promoting a further
shift of the emission spectrum toward longer wavelengths
(Fig. 7(a) and (b)). Although this system did not achieve
tunable red emission, the underlying mechanism provided
valuable theoretical guidance for future materials design.
Regarding host selection, prioritizing compounds containing
highly polarizable anions (e.g., Se>~ > §>~ > I7) is an effective
strategy. The central mechanism is that the higher the polariz-
ability of the anion, the stronger the covalency of the chemical
bond formed with Bi**. This enhances the overlap between the
electron clouds of the Bi*" 6s/6p orbitals and the anion p orbi-
tals, significantly lowering the energy of the Bi*" 6p orbital,
ultimately leading to a redshift in the emission spectrum.

This journal is © The Royal Society of Chemistry 2026

However, reports systematically considering the impact of
anion polarizability in material design remain relatively
limited. A compelling example is the typical CaS:Bi*" phos-
phor, which emits blue light at room temperature. When the
$*” in the matrix is replaced by more polarizable Se’~, the
resulting CaSe:Bi’>" exhibits a significant redshift of its emis-
sion to 645 nm.*

Additionally, high-valent transition metal ions with a d°
electron configuration (e.g., Mo®*, W®', and V>") can form
metal-metal charge transfer (MMCT) states with Bi’*" and are
therefore emerging as a family of ideal candidates for matrix
components. Previous studies have shown that low-energy
MMCT states can effectively contribute to red emission, as
exemplified by the Bi**-Nb®* MMCT transition in
Na,CazNb,04:Bi*" and the Bi**~Y*" MMCT process responsible
for the 605 nm emission in Sr;Y;B,0;5:Bi*".***> Even within
the same matrix, the lower the symmetry of the Bi**-occupied
lattice site, the more pronounced the crystal field splitting
effect, which is favorable for the luminescence redshift. In
Zn,Si0,:Bi*", for example, Li et al*® speculated that the NIR
emission originates from the Bi’" occupying the lower-sym-
metry tetragonal ring site rather than the hexagonal ring site,
as shown in the crystal structure in Fig. 7(c). In the lumine-
scence spectrum of MgGa,0,:Bi**,*? the blue emission cen-
tered at 430 nm is attributed to the Bi*" occupying octahedral
sites (GaOs/MgOg) while the NIR emission at 709 nm orig-
inates from the Bi*" residing in tetrahedral sites (GaO4/MgOy)
(Fig. 7(d)). Similarly, in the aforementioned BaAl;;O,4:Bi’*"
system,*® a decrease in oxygen vacancy concentration induces
Bi*" to occupy lower symmetry sites, thereby producing NIR
emission.

4.1.2 Cation substitution. Ion substitution has been widely
employed to modulate the local crystal field environment of
Bi*". This strategy involves replacing the cationic species in the
host matrix with other cations of different ionic radii and iden-
tical or different valence states, thereby altering the coordi-
nation structure around Bi** and consequently inducing spec-
tral shifts.
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In general, the host lattice consists of coordination polyhe-
dra formed by cations and anions, wherein the cations can be
classified into two types: host cations (Cy,) and cations within
the anion coordination polyhedra (Ci.). Cationic substitution
serves as an effective approach for tuning the luminescence
properties of phosphors. Substitutions can occur at Cy sites,
such as alkaline earth ions (Mg>*, Ca®", Sr**, and Ba®"), alkali
ions (Li", Na’, and K*), and rare-earth ions (Y**, Sc*, La*",
Gd**, and Lu*") and can also occur at C;. sites, as exemplified
by the Nb°" in (NbO,)*~, V*" in (VO,)*7, and P** in (PO,)*".
Taking the representative (Y;_,Sc,)(Nb;_,V,)O4:Bi’" system as
an example,®® tunable luminescence from blue to orange and
even deep red can be achieved through ion substitution. This
phenomenon is attributed to the reduced bond length of Bi**-
0°" and the enhanced crystal field strength during substi-
tution, which collectively lead to a redshift in the emission
spectrum. Similarly, in the zircon-type ScPO, host doped with
Bi’*", partial substitution of P**-0>~ with V>*-O>~ significantly
increases the covalency of the chemical bonds and the
strength of the crystal field around Bi’" ions, resulting in a
shift of the emission wavelength from 455 nm to 641 nm, as
shown in Fig. 8(a) and (b).** Moreover, a recent study revealed
that, under 370 nm excitation, the LaSr,SbO4:Bi** phosphor
exhibits broadband orange-red emission centered at around
600 nm, whose spectral position and intensity can be tuned
via Si** — Sb®' cationic substitution and [Si*'~Zn*"] — [Sr**-
Sb>*] cationic-pair substitution (Fig. 8(c) and (d)). The under-
lying mechanism involves heterovalent substitution, which
introduces Sig, defects into the structure. This enhances the
electron localization around Bi*" ions and strengthens the

2774 | Dalton Trans., 2026, 55, 2766-2787

crystal field, leading to changes in luminescence intensity and
a red shift of 43 nm in the emission position.*”

4.2 Defect engineering

The core concept of the defect engineering strategy for achiev-
ing red and NIR emission from Bi** involves introducing
intrinsic or extrinsic defects into the host lattice to construct
specific defect energy levels. These defects interact with Bi**
ions, thereby modulating the luminescence behavior and
enabling emission tuning from UV/blue to red and even NIR
wavelengths. The role of oxygen vacancies in inducing electron
localization around Bi*" ions, leading to highly efficient
orange-red emission, was demonstrated by Li et al in the
development of La,GeOg:Bi*" phosphors (Fig. 9(a) and (b)).*®
The incorporation of Bi*" ions causes slight changes in the
local lattice coordination environment of the La,GeOg host,
thereby facilitating the formation of oxygen vacancies. DFT cal-
culations were performed to compare the electronic structures
of Bi*" occupying La;-La; sites with and without oxygen
vacancy defects. The results reveal that the electron transition
energy levels associated with Bi-6p orbitals appear between the
valence and conduction bands only in the presence of oxygen
vacancies, which confirms that oxygen vacancy defects are
essential for generating orange-red luminescence in La,GeOg:
Bi*". Further ELF analysis indicates that the oxygen vacancies
promote electron localization around Bi**, which is conducive
to efficient long-wavelength emission. This strategy offers new
perspectives and insights for diverse luminescence regulation.
In the case of ZnWO,:Bi**, Han et al.*° demonstrated that the
tunable emission from blue to red is intrinsically governed by

This journal is © The Royal Society of Chemistry 2026


https://doi.org/10.1039/d5dt02387d

Published on 13 January 2026. Downloaded on 6/21/2026 1:22:19 PM.

View Article Online

Dalton Transactions Perspective

—— Lss0:0.1Bi**
C
(a) -Wi“ (b) /\416 x=10 (©) |——LSSO: 0.1B#*, 0.1Si
“ 386 x=09 K
-N-Q- I
T L ?
Seeee | = w
T T T T 3
b -~ i x=0.7 =
ScOq a BO, = 372 =
Lo ] .
A bl 369 x=0.6
2 ‘E — —— = 400 500 600 700 800
2N S x=05 Wavelength (nm)
£ 5L el LSSO:0.1B7*
¢ ® leaas e (d) — :0.1Bi
Se S OB P Q 356 x=04 — LSSO: 0.1Bi**, 0.1[Si-Zn]
® z . | 3
_— x= 0. =
e B=PV | T . S
\:Zzi“ﬁ‘ 0% 935764 s \\\\ x=02 g*
| Bi ScenO-P 9 > ~— z
2‘519;\ 2.1289. T T T T T T T T e
ScOy l ® 5.0, 138 x=01 £
PO, BirO-P Vo, T T T T T T T T
° I\.* l r‘I ° 348 x=0.0
. .
@ © seo, ) B-0-V 1 iy Osevo, 250 ' 350 | 450 | 550 | 650 | 750 400 500 600 700 800
Wavelength (nm) ‘Wavelength (nm)

Fig. 8 (a) Crystal structures of ScVO, and ScPO,. (b) Normalized excitation and emission spectra of Sc(V,P;_,)O4:Bi** (0 < x < 1) solid solutions.
Reproduced with permission from ref. 64, copyright 2019, Royal Society of Chemistry. (c) Emission spectra of LaSr,SbOg:Bi** and LaSr,SbOg:Bi**,
Si** (lex = 370 nm). (d) Emission spectra of LaSr,SbOg:Bi** and LaSr,SbOg:Bi**,Si**,Zn?* (A, = 370 nm). Reproduced with permission from ref. 47,
copyright 2025, Chinese Academy of Sciences.

‘Wavelength (nm)
700 650 600 550 500
T T T — T 1

B e ) !
o009 ¢ 09
c e g ¢ ¢ © § \,o \L
LJK ® oo jk ¢ JL' & :’;.
9 Y 4 ¢ ! =
i & La2
] < 0o oo Z (N
4 ¢ i E &—‘V
i
: La3
l j ; R, )
P! 1.8 2.0 22 24 Color Tuning
i
Energy (e
i (0) gy (eV) 0
| ZnWO4:1.0%Bi
1~ Aoy =250 nm ——— 400 nm
&
! zos ® \
i & -0
'8 Bi
:EM ‘ Doping Type xr:
|3 L A AL
i Eo2
P2
PPy NP o PSPPI | X B S §
350 400 450 500 550 600 650 700 750 800

‘Wavelength (nm)

Fig. 9 (a) Structural configuration for Bi**-doping into three La®* sites of La;GeOg and the electron localization function (ELF) maps without (up)
and with (down) oxygen vacancies in the three La sites. (b) Gaussian fitting peaks of the representative La;GeOg:0.007Bi** sample. Reproduced with
permission from ref. 48, copyright 2019, Nature Publishing Group. (c) Emission spectra of ZnWO,:Bi** under different excitation wavelengths from
250 to 400 nm. (d) Schematic diagram of tunable luminescence in ZnWQ,4:Bi**, with the images of tunable emission being demonstrated in the
lower row. (e) Transition between different types of defects such as Biz.°, Bizn*, and Biz,>*, and charge-compensated complex 2Biz,Vy. Reproduced
with permission from ref. 49, copyright 2017, American Chemical Society.

the formation of specific Bi-related defects (Fig. 9(c)). DFT cal-
culations revealed that under oxidizing synthesis conditions,
substituting Zn** with Bi** (denoted as Biz,>") is the most
energetically favorable process due to its markedly lower for-
mation energy compared to other defects. This preference
makes Biz,®" the primary and stable source of the observed
~665 nm red emission. However, the introduction of a triva-
lent cation (Bi*") into a divalent site (Zn>*) creates a local
charge imbalance. To maintain charge neutrality, the system

This journal is © The Royal Society of Chemistry 2026

spontaneously forms charge-compensated defect complexes.
The most probable complex is [2Biz,> "V ®~], where two Biz,>"
defects are coupled with a single W-site vacancy (V) that
carries an effective negative charge. This specific charge com-
pensation mechanism is crucial for stabilizing the Bi dopants
in the lattice and enriches the defect ecosystem. The resulting
diversity of defects—including the dominant Biz,’", the
charge-compensated complexes, and intrinsic vacancies—
creates a spectrum of discrete energy levels within the

Dalton Trans., 2026, 55, 2766-2787 | 2775


https://doi.org/10.1039/d5dt02387d

Published on 13 January 2026. Downloaded on 6/21/2026 1:22:19 PM.

Perspective

bandgap. It is the selective excitation of these specific defects,
each with its own characteristic transition energy, that enables
the wide-range emission tuning. As the excitation wavelength
shifts from 250 nm (host absorption) to 400 nm (defect-related
absorption), different defects are activated, leading to the
observed gradual redshift in emission from 498 nm to 672 nm
(Fig. 9(d) and (e)).

4.3 Energy transfer engineering

In Bi**-based red/NIR phosphors, designing efficient energy
transfer pathways from the Bi** sensitizer to specific activators
(e.g., Eu®*, Mn"", Sm*", etc.) is a crucial approach for achieving
high-efficiency luminescence. This strategy leverages the
strong UV/NUV absorption of Bi** to compensate for the inher-
ently weak absorption of most red/NIR emitting centers. The
energy transfer process allows for flexible tuning of the relative
intensity of the dual emissions by simply adjusting the relative
doping concentrations of Bi** and the activator, and accord-
ingly has been widely adopted in the development of color-
tunable single-phase phosphors. The occurrence of energy
transfer requires two fundamental conditions: first, there must
be a significant spectral overlap between the emission spec-
trum of the sensitizer and the excitation spectrum of the acti-
vator to ensure energy matching; second, a suitable interaction
mechanism—electric multipole interaction or exchange inter-
action—must exist between the two types of ions. To experi-
mentally verify the energy transfer process, the following
approaches are commonly employed: (1) exciting the phosphor
at the optimal excitation wavelength of the sensitizer to
observe the characteristic emission of the activator, and (2)
monitoring the fluorescence lifetime of the sensitizer, where a
systematic decrease in lifetime with increasing activator
content can further confirm the presence of non-radiative
energy transfer. Consequently, deliberate design of the energy
transfer pathway is crucial for the rational development of
Bi**-based red/NIR phosphors.

4.3.1 Bi’* — Ln*" energy transfer. Eu** is a well-known red-
emitting activator, whose luminescence originates from its °D,
— 7F; (J = 0-4) transitions. Among these, the °D, — F, tran-
sition (around 615 nm) is a forced electric dipole transition
that produces intense red emission with high color purity. In
the CaYGaO4:Bi*"Eu®" system,®> Wang et al. successfully con-
structed an efficient pathway for Bi** — Eu®" energy transfer.
By modulating the concentration of Eu*", the emission color
could be continuously tuned from the blue emission of Bi*" to
the orange-red emission dominated by Eu®** (Fig. 10(a)-(c)).
Moreover, the thus-prepared materials exhibit promising per-
formance as single-component phosphors for application in
pc-WLEDs, as shown in Fig. 10(d). Similarly, in the Sr,Ta,0O:
Bi®* system, Bi*" exhibits broadband blue emission centered at
475 nm due to the MMCT effect. By introducing Eu** or Sm**
as energy acceptors and precisely controlling their concen-
trations, an effective Bi** — Ln®" (Ln = Eu®**, Sm®") energy
transfer pathway can be established. As the concentration of
Ln’" increases, the characteristic red emission of Ln*" signifi-
cantly gains intensity, enabling continuous modulation of the
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luminescence color from blue to red. This strategy not only
demonstrates the versatility of Bi** as a sensitizer in regulating
red emission but also provides an effective approach for
designing novel color-tunable phosphors (Fig. 10(e)-(h)).*®
Nd*"  exhibits characteristic emissions at approximately
900 nm (*F5,, — *Iy), transition), 1070 nm (*F3,, — *I;1,,), and
1330 nm (4F3,2 - 4113/2), covering both the NIR-I and NIR-II
biological windows. Due to the spectral overlap between the
excitation bands of Nd** and the emission profile of Bi*",
efficient energy transfer from Bi** to Nd*" can be achieved.
This has been demonstrated in host lattices such as La,GeOs
and SroLa,W,0,4, where co-doping Bi** with Nd** ions enables
efficient NIR emissions, particularly in the NIR-II region.**®’
Furthermore, other Ln*" ions such as Yb*" and Er** can also
serve as effective acceptors for the energy absorbed by Bi*",
facilitating highly efficient NIR luminescence. This mecha-
nism is of great significance for developing novel NIR pc-LEDs
with applications in bioimaging, food quality inspection, and
beyond. Representative phosphor systems based on such a
mechanism may include Cs,AgInClg:Bi*",Er**/Bi*",Yb**, Y,0;:
Bi**,Yb*" Bi**/Yb®" co-doped gadolinium tungstate, and
ZnB,0,:Bi** Er**, among others.®* 7!

4.3.2 Bi’* — TM™ energy transfer. Transition metal (TM)
ions such as Mn**, Cr**, and Fe®" possess incompletely filled
d-orbitals and have d" electronic configurations (0 < n < 10).
They serve as important luminescent activators, capable of
emitting light across a broad spectral range from the visible to
NIR region. The Mn** ion, owing to its unique 3d* electronic
configuration, can undergo efficient *E. — “A,. transition in
an octahedral crystal field to emit deep red lights of
650-680 nm. Constructing a Bi’* — Mn*" energy transfer
system in a suitable host matrix not only leverages the strong
absorption of Bi*" in the UV/n-UV region but also enables
high-performance red emission. For the Ba,GANbOg:Bi**,Mn**
phosphor, systematic luminescence tuning from blue to red
can be achieved under 315 nm UV excitation, demonstrating
promising potential for application in warm pc-WLED lighting
(Fig. 11(a) and (b)).”* The luminescence color of Mn** can vary
from green to deep red depending on the crystal field environ-
ment. In general, Mn** in octahedral coordination tends to
emit red light. Moreover, the overlap between the absorption
band of Mn®" and the emission band of Bi** suggests that
efficient energy transfer from Bi** to Mn>* can take place.
When Bi** and Mn** are co-doped into a CaZnOS host, a
characteristic cyan emission at 490 nm from the *P;, — 'S,
transition of Bi*", a red emission at 616 nm by the *T;(*G) —
®A4(°S) transition of Mn**, and a greenish emission at 520 nm
associated with defect centers can be observed.”” By adjusting
the content ratio of Bi** and Mn?*, the relative intensity of the
green and red emissions can be modulated (Fig. 11(c) and (d)).
Furthermore, under cyclic application and release of pressure,
the material exhibits mechanoluminescence (ML) color
changes from red, orange, and white to cyan, as shown in
Fig. 11(e) and (f). This behavior is related to the types of traps
present in the lattice, with shallow traps being more favorable
for red emission from Mn>**. The above study also demon-

This journal is © The Royal Society of Chemistry 2026
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Fig. 10 (a) PL spectra of the CaYGaO4:1%Bi,1%Li,2.5%Zn,35%Sr,5%La,nEu phosphors. (b) The PLE spectrum of Eu** and PL spectrum of Bi** in
CaYGaO,. (c) CIE coordinates of the phosphors with different doping contents of Eu®*. (d) EL spectra of the device under a 120 mA driving current.

Reproduced with permission from ref. 65, copyright 2024, American Chemical Society. (e) PL and PLE spectra of Sr,Ta,O7:Bi
Sr,Ta,07:Bi®*,Eu®*. (f) PL spectra of Sr,Ta,0,:0.03Bi**,yEu®*. (g) PL and PLE spectra of Sr,Ta,O7:Bi**,
spectra of Sr,Ta,0,:0.03Bi**,ySm>*. Reproduced with permission from ref.

strated promising potential for the application of the phos-
phor in novel mechanical stress induced displays, ultrasound
monitoring, and particularly advanced anti-counterfeiting
technologies.” It is widely acknowledged that the lumine-
scence properties of Cr** are highly dependent on crystal field
strength, and the efficient red to NIR emission with tunable
spectral characteristics of Cr** has attracted extensive research
interest. Systematic studies have thus been conducted on

This journal is © The Royal Society of Chemistry 2026

3+ Sr,Ta,0-:Eut and
SroTay07:Sm**, and Sr,Ta,07:Bi**,Sm3*. (h) PL
66, copyright 2025, Royal Society of Chemistry.

energy transfer systems involving Bi** and Cr**. Such phos-
phors, under UV excitation, may show outstanding lumine-
scence performances by adjusting the concentration ratio of
the two ions, such as the modulable intensity ratio of the
characteristic emissions of Bi*" and Cr’*, adjustable overall
intensity of the NIR emission, high quantum efficiency (QE) of
luminescence and so forth. For instance, the Sr;Y,Ge;0;,:Bi*",
Cr’* phosphor achieved a QE as high as 81.5% and Gd;CasO;,:
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Fig. 11 (a) PLE spectrum of Ba,GdNbOg(BGNO):Mn** and PL spectrum of BGNO:Bi**. (b) PL spectrum of BGNO:Bi**,Mn**. Reproduced with per-
mission from ref. 72, copyright 2019, American Chemical Society. (c) The excitation and emission spectra of the CaZnOS:Bi**,Mn?* phosphor exhibit-
ing mechanoluminescence (ML). (d) Normalized ML spectra. (e) ML intensity as a function of pressure during a cycle of pressurization and release,
where the insets show the optical images of an epoxy resin—phosphor composite under different pressures. (f) Normalized ML spectra with increas-
ing time. Reproduced with permission from ref. 73, copyright 2021, Wiley-VCH.

After doping with Bi**, Gaussian fitting and empirical formula
calculations confirmed that both the MMCT transition

Bi**,Cr’" exhibited anti-thermal quenching in the NIR region
(Iuzs x/Iaos x = 102%).”*”® These remarkable properties make

such phosphors highly promising for applications in pc-LEDs,
plant cultivation lighting, optical thermometry, and other
related fields.

4.3.3 Bi** — host energy transfer. In certain self-activated
tungstate and molybdate host matrices doped with Bi*",
energy can be transferred from Bi** to energy levels associated
with the [WOg]°~ or [MoOg]®~ groups. Radiative transitions
from these levels often occur in the long wavelength region,
resulting in red or even NIR emission. For instance, in the
typical self-activated NaLaMgWO, phosphor, the [WOg]®~
group emits NIR light at around 698 nm due to O>-W®"
charge transfer transitions. When Bi** is introduced as a sensi-
tizer, energy transfer from Bi** to [WOg]®~ takes place, signifi-
cantly enhancing the intensity of this NIR emission (Fig. 12(a)
and (b)).”® Similarly, Gd,Mo00Os acts as a self-activated lumines-
cent material owing to its O>"-Mo®" charge transfer transition,
which produces broad-band red emission centered at 670 nm.

between Bi** and Mo®" and the A-band transition of Bi** con-
tribute to luminescence.>® Moreover, highly efficient Bi*" —
[MoOg]®~ energy transfer further enhances the emission in the
red spectral region (Fig. 12(c)).”> Table 2 summarizes various
systems of Bi**-based red/NIR phosphors enabled by energy
transfer.

5 Key factors affecting the
performance of Bi**-doped red/NIR
luminescent materials

As summarized in Table 1, Bi**-based phosphors exhibit sig-
nificant variations in key performance metrics, such as

quantum efficiency (QE) and thermal stability. These differ-
ences are not arbitrary but are intrinsically determined by
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Fig. 12 (a) Normalized excitation and emission spectra of the NaLaMgWOg:Bi** phosphor, (b) emission spectra of the NalLa;_,MgWOg:xBi** phos-
phors. Reproduced with permission from ref. 76, copyright 2022, Wiley-VCH. (c) PL and PLE spectra of Gd,MoO¢ and Gd,MoOg:Bi nanophosphors
at 77 K in the visible region. Reproduced with permission from ref. 52, copyright 2024, American Chemical Society.
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Table 2 A summary of Bi**-based red/NIR phosphors through energy transfer

Sensitizer Activator
Sensitizer-activator Host Aex (Nm) Aem (NM) Aex (Nm) Aem (NM) Ref.
Bi**-Eu** CaYGaO, 345 400-600 200-500 613 65
*Po-"So "Fo—"Dy-4,"Lo-7
Sr,Ta,0,:Bi** 310 350-600 250-500 613 66
MMCT "Fo="Ds-4,"Le
NaLaCaWOq 376 400-750 200-550 616 77
3p,-1S, "Fo="Dy4,"Le 7
Ba;Y,0q 346 350-650 200-550 617 78
°Pi-'S, "Fo="Di-2, Lo
BaSc,0, 317 350-600 200-500 617 79
°Pi-'S, "Fo—"D2, Lo
(Ba,Sr)3S¢,05 333 350-750 200-500 614 80
°Pi-'S, "Fo—"Dy, Lo
Y,SiO; 360 400-650 275-550 611 81
*p.-1S, "Fo="Dy-4,’Lg
Ba,Gd,Ge,O;; 291 300-550 200-450 614 82
°Pi-'S, "Fo~"Dpesy Lo
Bi**-sm** Sr,Ta,0,:Bi** 310 350-600 350-450 650 66
MMCT *Hs,—*Fyps
Bi**-Nd** La,GeOs 316 350-650 200-900 1058 83
*P,-"So 4I9/2—2(37/2 + 2Gs/z
YVO, 335 400-700 250-650 880 84
MMCT 419/2—2G7/2 + 2Gs/z
SroLa,W,0,, 396 500-860 200-800 1070 40
*P,-"So 4I9/2—2(37/2 + 2Gs/z
Bi**-Er** Cs,AgInClg 370 400-800 250-700 1540 68
°P,-'So *Li5/2-4G11/2,"F7/2, “Hu1,*Sasa
ZnB,0, 335 360-550 375-600 1535 71
°P,-'Sy *Li5/2~"G11/2, F3-01, *S312
Bi**-Yb** Y,03 378/346 390-600 2F,,,—Fs/5 976 69
3P1—150
Gd,MoO; 362 450-800 300-600 975 52
°P-'Sy, MMCT *Frp="Fsp
Bi**-Mn** Ba,GdNbOg 315 350-600 250-600 689 72
°Pi-'S, ATy, °T,, T,
Ca;Al,Zn0;, 340 370-600 240-600 715 85
°Pi-'S, ATy, 2Ty, T,
CaSrLaSbOg 322 350-500 250-600 678 86
°Pi-'S, ATy, °T,, T,
Bi**-Mn?** CazZnOS 375 400-650 400-600 616 87
*P10="So °A1-"Ay,"E," Ty, T,
Y;Gas04, 330 350-650 400-600 613 88
°Py,'P1-1S, °Ai-"Ay,"E,"Ty,"'T,
KMgF; 300 350-600 250-550 650 89
°Pi-'S, °A1-"Ay,"E," T, T,
Bi**-Ccr** Gd;Gas0, 291 400-660 200-660 724 75
°Pi-'S, ATy, T,
S1;Y,Ge;0;, 370 400-600 250-700 782 74
°Pi-'S, "A-"Ty, T,

their microstructural and electronic characteristics. This sub-
section aims to establish a unified analytical framework to sys-
tematically elucidate the core factors governing these
properties.

5.1 Structure-property relationship

As previously discussed, enhancing bond covalency facilitates
a red-shift in the Bi** emission but concurrently narrows the
emission energy gap. According to the energy gap law, the
non-radiative transition rate increases exponentially with the
decrease in the energy gap. Consequently, highly covalent
systems designed for red/NIR emission often face an inherent
constraint on their achievable QE. Nevertheless, a profound

This journal is © The Royal Society of Chemistry 2026

understanding of the structure-property relationship can
guide performance improvements. A notable example is the
Sr3;BiY;B,0;5 phosphor with a fully occupied Bi** site. Upon
257 nm excitation, it exhibits ultra-broadband emission cen-
tered at 605 nm, originating from the combined effects of the
3P, excited state and Bi**-Y*" MMCT. Remarkably, this phos-
phor achieves a QE as high as 90%, surpassing most broad-
band red-emitting phosphors. Structural analysis reveals that
its unique triangular pore structure provides a stable coordi-
nation environment for Bi** and maintains a maximum Bi-Bi
interatomic distance, thereby effectively suppressing concen-
tration quenching caused by cascade energy transfer between
activator ions (Fig. 13(a) and (b)).*
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Fig. 13 (a) Schematic crystal structure of the SBYBO phosphor, (b) the photoluminescence quantum yield and peak position diagram of
Srs_xBa,BiY3sB4O15 (x = 0, 1, and 2). Reproduced with permission from ref. 45, copyright 2024, American Chemical Society. (c) Thermal quenching

mechanisms of Bi**

ions. (d) Temperature-dependent emission spectra of SrSc;04:0.05Bi (lex = 295 nm), (e) integrated and peak intensity variations

of SrSc,04:0.05Bi in the region of 298-523 K, and (f) the schematic diagram of the zero-thermal-quenching mechanism. Reproduced with per-

mission from ref. 60, copyright 2022, American Chemical Society.

Furthermore, modulating the degree of lattice order-dis-
order presents a viable strategy for achieving the target emis-
sion wavelength while maintaining high performance.
Enhancing cationic ordering within the lattice can increase
structural rigidity and reduce electron-phonon coupling. This
effect enables the simultaneous realization of an emission red-
shift and an enhanced QE, reconciling these two seemingly
contradictory parameters.*®

Thermal stability is another critical aspect in evaluating the
overall performance of phosphors. For Bi**, thermal stability is
closely related to cross-relaxation between the *P; excited state
and the 'S, ground state, as well as thermal ionization at elev-
ated temperatures. Generally, a larger energy difference
between the *P; level and the cross-relaxation point corres-
ponds to a lower probability of cross-relaxation and better
thermal stability; this energy difference can be evaluated using
the activation energy (AE) (Fig. 13(c)). Simultaneously, a larger
energy gap between the ’P; level and the conduction band
bottom reduces the likelihood of thermal ionization, thereby
more effectively suppressing thermal quenching and minimiz-
ing non-radiative transitions.”® A comparative study by Zhang
et al.** on the Na,Caz(Nb,Ta),04:Bi** system provides clear evi-
dence. Compared to the Ta-containing analogue,
Na,Ca;Nb,04:Bi*" possesses a narrower band gap and a more
red-shifted emission, but exhibits inferior thermal stability.
This difference can be attributed to the variations in AE
between the two samples.

5.2 Lattice rigidity

Lattice rigidity is a fundamental factor determining the per-
formance of luminescent materials. A rigid lattice is character-
ized by low phonon energy and weak electron-phonon coup-
ling, which effectively suppress phonon-assisted non-radiative
transitions. Consequently, high lattice rigidity is a crucial pre-

2780 | Dalton Trans., 2026, 55, 2766-2787

requisite for achieving high QE. Furthermore, a rigid lattice
provides the structural foundation for a high activation energy
(AE), making it difficult for excited electrons to overcome the
energy barrier via thermal perturbation. It also helps to sup-
press lattice vibrations that can lead to thermal ionization. The
lattice rigidity of the host matrix is closely related to the
thermal quenching behavior of the activator ions. A framework
with high structural rigidity can significantly suppress lattice
vibrations at elevated temperatures, thereby reducing the
associated emission loss. The Debye temperature (6p),
obtained through experimental measurements or DFT calcu-
lations, serves as a key parameter for evaluating the rigidity of
a crystal structure. A higher 6 generally corresponds to lower
lattice vibration frequencies and a smaller Stokes shift, which
typically reduces the probability of non-radiative transitions.
Therefore, the 6y is a valuable guiding parameter for screening
and identifying host materials with superior thermal quench-
ing resistance. The 6 can be obtained from the quasi-harmo-
nic Debye model:*"**

_ h 2v71/2,\1/3 Bs
Op =3 (67°Vn) o)y [ 2

2140\ 11407

f(d)_{3[2(§1—20) +<§1—0) } } (10)
where kg and & represent the simplified Boltzmann constant
and Planck constant, respectively; M represents the relative
molecular mass of the primitive cell; By is the thermal insula-
tor elastic modulus of the crystal; n is the number of atoms
present in each primitive cell; V represents the volume of the
primitive cell; and o is the Poisson’s ratio. A representative
example is the Ba;,,Sr;_,Ga,Og:Bi* (x = 0-0.7) system. The
gradual substitution of Sr** with Ba** leads to a systematic

(9)
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reduction in thermal quenching, which is directly attributable
to the enhanced structural rigidity of the solid solution. This
case clearly demonstrates the critical role of lattice rigidity in
thermal stability.>¢

5.3 Defect states

Defects are among the key factors influencing the thermal
quenching performance of phosphors, and their role is dual-
sided, requiring a balanced perspective.

On one hand, appropriately introduced defect energy levels
can provide energetic compensation to the luminescent
centers during heating, thereby enhancing the anti-thermal
quenching performance. A prominent example is the deep red
phosphor SrSc,0,:Bi*".*° Its emission originates from a photo-
induced charge transfer process: NUV excitation induces elec-
tron transfer from a Big’>" site to an adjacent Big " site,
forming a Big>" excited state, which subsequently produces
deep red emission. This material exhibits an exceptional zero-
thermal-quenching behavior, with the emission intensity at
423 K remaining at 110% of its value at 298 K (Fig. 13(d) and
(e)). XPS analysis of the O1s orbitals and thermoluminescence
(TL) spectroscopy confirmed that this phenomenon is due to
defect levels introduced by Bi**, which capture electrons and
reversely compensate the deep red luminescence of Bi ion
pairs under thermal stimulation, as shown in Fig. 13(f).
Similarly, the red phosphor BaGa,04:0.02Bi**, reported by Li
et al.,>® retains about 88.1% of its room-temperature emission
intensity at 200 °C. The excellent thermal stability is also
attributed to an energy transfer mechanism from trap levels to
the luminescent centers. When Bi*' substitutes for Ba", it
creates effective positive charges [Big,] and an equivalent con-
centration of negative effective charge. Additionally, intrinsic
negative charge defects such as interstitial oxygen [Oy], cation
vacancies [Vg, and Vg,], and others are formed during sinter-
ing. Under UV excitation, these defect levels trap and store
charge carriers. As the temperature increases, the trapped car-
riers are gradually released from the traps and transferred to
the excited state energy levels of the luminescent ions, thereby
compensating for the intensity loss due to thermal quenching.

On the other hand, due to the difficulty in precisely control-
ling the types and concentrations of defects introduced during
synthesis, certain defects may become energy loss centers,
aggravating non-radiative transitions. Moreover, an excessively
high defect concentration can compromise the integrity of the
host lattice, reducing the structural stability and ultimately
impairing the thermal stability of Bi’**. Consequently, in
specific systems such as LaSr,SbO,:Bi*", researchers have suc-
cessfully enhanced the thermal stability by employing flux
agents to improve crystallinity and reduce surface defects.’

6 Application of the Bi**-based
phosphors

This section will focus on several emerging applications of
Bi**-based red and NIR phosphors, including optical thermo-

This journal is © The Royal Society of Chemistry 2026
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metry, plant growth lighting, and anti-counterfeiting and
information encryption.

6.1 Optical thermometry

Certain long-wavelength emissions related to Bi** exhibit high
sensitivity to temperature, manifesting as significant and sys-
tematic changes in the fluorescence intensity ratio (FIR) or
fluorescence lifetime with temperature. In some of these
material systems, two independent luminescent centers exist,
such as Bi*" occupying different crystallographic sites or Bi**
coexisting with specific defect centers. Due to their distinct
thermal response behaviors, the ratio of emission intensities
at two selected wavelengths can be monitored to achieve high
precision and self-referenced temperature sensing. For
instance, Ba, 5Sry 5Ga,Og:Bi*" generates an ultra-wide emission
ranging from 350 to 900 nm, with a full width at half
maximum (FWHM) of 283 nm, under 325 nm UV excitation, as
reported by Dang et al.*® This material contains multiple lumi-
nescent centers corresponding to different occupancies of Bi**
at various Sr/Ba sites, each with different temperature depen-
dence of emission. Owing to these characteristics, the material
was successfully developed as an optical thermometer for
temperature sensing with its I,,,/Is,7 FIR, achieving a notable
relative sensitivity of 1.295% K" at 100 K, which confirms its
promising potential for low-temperature sensing applications

(Fig. 14(a)-(d)).
6.2 Plant cultivation lighting

Modern precision agriculture relies on artificial light sources
to regulate crop growth and development. Four key pigments
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Fig. 14 (a) PL spectra of the Bay sSrosGasOg:Bi** phosphor at different
temperatures (7-500 K). (b) Histogram of intensity for the 477 and
627 nm emissions at various temperatures. (c) FIR(/g24/1477) at various
temperatures and the fitting result. (d) Dependence of S, and S, on
temperature. Reproduced with permission from ref. 36, copyright 2020,
Royal Society of Chemistry.
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in plants, including chlorophyll A, chlorophyll B, red phyto-
chrome (Pg), and far-red phytochrome (Pgg), absorb light
energy across different spectral regions, collectively regulating
photosynthesis and photomorphogenesis. By utilizing phos-
phors with emission spectra that closely match the absorption
spectra of these pigments, precise customization of plant light-
ing LED sources can be achieved.

Zhang et al.** developed a UV excitable Na,Ca;Nb,0q:Bi**
red-emitting phosphor, which was integrated with a BAM:Eu*"
commercial blue phosphor and a 370 nm UV LED chip to fab-
ricate a plant growth LED device. The emitted light of the
device nearly fully covers the primary absorption ranges of
both chlorophylls and phytochromes. The output power gradu-
ally increases from 19.43 mW at 50 mA to 101.8 mW at 400 mA
without saturation, and the photoelectric conversion efficiency
reaches its maximum value of 11.3% at a current of 50 mA,
demonstrating superior spectral matching performance and
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photoelectric performance of the LED device (Fig. 15(a)).
Similarly, red and NIR phosphors utilizing Bi**-mediated
energy transfer also show significant potential in plant cultiva-
tion lighting. For example, in the Gd,MgTiO4:Bi**,Cr*" phos-
phor, efficient Bi** — Cr*" energy transfer enables the material
to emit both the blue light of Bi** and the far-red to NIR light
of Cr’" under UV excitation, thereby matching the absorption
requirements of both chlorophylls and phytochromes
(Fig. 15(b)).”> Such phosphors can be used to construct spec-
trally precise LED light sources that promote photosynthesis,
control flowering, regulate morphogenesis, and ultimately
improve crop yield and quality.

6.3 Anti-counterfeiting and information encryption

In the ScV,P;_,0,:Bi*" solid solution series, samples with
different compositions exhibit distinctly different emission
spectra under their own optimal wavelengths of excitation, cov-

Gd,MgTi0:0.002Bi*,0.001Cr>  he =3

\
= = Chlorophyll B 1
-_— PR

Wavelength (nm)

Fig. 15 Comparison of the EL spectra of (a) NayCasNb,Oq:Bi** (Reproduced with permission from ref. 44, copyright 2022, Wiley-VCH) and (b)
Gd,MgTiOg:Bi**,Cr** (reproduced with permission from ref. 93, copyright 2021, Wiley-Blackwell) with the absorption spectra of chlorophyll A, chlor-

ophyll B, red phytochrome (Pg), and far-red phytochrome (PgR).
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Fig. 16 (a) Digital photographs, emission spectra and CIE coordinates of the blended phosphors excited at different wavelengths. Reproduced with
permission from ref. 64, copyright 2019, Royal Society of Chemistry. (b) Application of the LiGasOg:Bi** phosphor in the field of dynamic anti-coun-
terfeiting and information encryption. Reproduced with permission from ref. 94, copyright 2023, American Chemical Society.
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ering a broad range from blue to red light. This spectral shift
originates from the complex coupling of the internal tran-
sitions of Bi** and the charge-transfer transitions within the
crystal structure. Leveraging this emission feature, mixing
different ScV,P;_,0,:Bi** compositions at specific mass ratios
enables excitation-dependent dynamic color tuning, showing
application potential of the materials in temporary data
storage, information encryption, and anti-counterfeiting
(Fig. 16(a)).°" Yi et al® reported that Bi*" ions selectively
occupy the [Li;O¢)/[Ga;0¢] octahedron and [Ga,O,] tetrahedron
sites in LiGasOg, resulting in dual-band emission at 511 nm
and 718 nm under 254 nm UV excitation, respectively. The
LiGas04:x%Bi*" (x = 0-5.0) phosphors exhibited afterglow
luminescence (persistent luminescence, PersL) in various
colors, including red, pink, yellow, cyan, and blue. Notably,
this is the first time that red PersL is attained with Bi*" single
doping. It was also discussed that the PersL originates from
oxygen vacancies and Biy; defects introduced by Bi** doping.
The selective occupation of Bi** and trap-depth regulation col-
lectively account for the tunable and long-lasting PersL
observed in LiGasO4:Bi*". Leveraging the unique optical pro-
perties of this phosphor, a multi-level encryption pattern can
be constructed based on Morse code (Fig. 16(b)). By utilizing
the differences in emission colors and afterglow durations
among samples with different doping concentrations, the
above design achieved multi-dimensional encryption across
both time (with UV on and at 20 s and 30 s after UV cessation)
and space (horizontal and vertical directions), as seen in
Fig. 16(b). Furthermore, reproducibility and stability are par-
ticularly crucial for the practical anti-counterfeiting appli-
cations of phosphors. Therefore, the authors conducted three
periodic cycling tests and found a stable luminescence color
and a consistent afterglow duration.’® These findings indicate
that Bi*"-based red/NIR emitting phosphors hold promising
potential for applications in information encryption and anti-
counterfeiting technologies.

7 Conclusions and prospects

This review systematically summarizes the recent advances in
Bi**-based red and NIR luminescence, with a focus on the
underlying emission mechanism, material design strategy, and
application potential. The main conclusions are as follows: the
red/NIR emission of Bi** not only originates from its intrinsic
*p, - 'S, transition but is also frequently associated with
metal-to-metal charge transfer (MMCT), intervalence charge
transfer (IVCT), and defect states such as oxygen vacancies. By
modulating the host composition and local crystal field
environment, broadband emission spanning from ultraviolet
to NIR can be achieved. Effective material design strategies
include: (1) crystal field engineering: adjusting the Bi-O bond
length, coordination polyhedron distortion, and bond
covalency through cation substitution can significantly lower
the excited state energy levels, leading to a redshift in emis-
sion; (2) defect engineering: introducing defects such as
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oxygen vacancies may promote electron localization and
enhance red/NIR emission from Bi** or facilitate synergistic
luminescence involving multiple defect states; (3) energy trans-
fer engineering: leveraging the broad absorption and high
efficiency energy transfer of Bi*" to activate other ions capable
of red/NIR emission is one of the most effective approaches to
achieve efficient long-wavelength luminescence. Furthermore,
Bi*"-based red/NIR emitting materials show great potential in
optical thermometry, plant cultivation LEDs, anti-counterfeit-
ing, and information encryption. Their tunable luminescence
and multi-mode responses (photoluminescence, long-persist-
ent luminescence, mechanoluminescence, and so on) provide
a material foundation for designing multifunctional devices.

Despite the significant progress achieved, Bi**-based red/
NIR luminescent materials still face several challenges and
opportunities for future development: (1) in-depth analysis of
the luminescence mechanism: there is still a debate about
luminescent center attribution and the transition process in
certain systems, such as those with wide-spectrum NIR emis-
sion. More precise identification is required through time-
resolved spectroscopy and theoretical calculations; (2) further
improvement of luminescence efficiency/thermal stability: the
internal quantum efficiency (IQE) and thermal quenching per-
formance of most materials still need enhancement, particu-
larly in the NIR-II region. Strategies such as constructing core-
shell structures and introducing energy transfer networks may
improve the performance. (3) Exploration of novel host
systems: current research mainly focuses on a limited number
of systems such as vanadates, tungstates, and aluminates.
Future studies should expand to more covalent hosts such as
sulfides and halides to achieve greater red shifts and higher
luminescence efficiency. Two particularly promising frontiers
are Bi*"-doped metal halide perovskites and quantum dots.
However, the development of these systems faces significant
synthetic challenges, such as high sensitivity to the synthesis
atmosphere (inert/reducing), reaction kinetics, and suscepti-
bility to element volatility or non-stoichiometry. Overcoming
these synthetic hurdles is a prerequisite for realizing their
theoretical luminescence potential. (4) Integration of multi-
functional applications: beyond single-function applications,
future work should explore the luminescence behavior of Bi**-
based materials under multiple stimuli (light, heat, force, and
electricity) and develop integrated applications in multi-mode
anti-counterfeiting, smart sensing, and bioimaging.
Pioneering efforts should also be directed toward exploiting
Bi** luminescence for bioimaging within the NIR-II window
(1000-1700 nm). The superior tissue penetration, reduced scat-
tering, and minimized autofluorescence in the NIR-II window
present a compelling case for developing novel Bi**-activated
probes, though challenges in achieving high quantum
efficiency and ensuring biocompatibility remain. In summary,
Bi**-based red/NIR phosphors represent an emerging research
direction with broad prospects in mechanistic study, material
design, and application development. Interdisciplinary collab-
oration is expected to drive future breakthroughs in perform-
ance and application expansion.
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