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Halide perovskites have become a hot topic in mate-
rials research due to their potential applications in a
variety of fields, from optoelectronic and thermo-
electric devices to solar cells. Doping of halide per-
ovskites can be achieved by introducing different
types of dopants, such as metal cations, anions, and
organic molecules, leading to increased stability and
improved optoelectronic properties. Moreover, dop-
ing can introduce new functionalities, such as in-
creased spin lifetime and thermal stability. These
features make doped halide perovskites a highly
promising candidate for optoelectronic applications.
In this mini-review, we highlight the latest advances
in ion-doped halide perovskites and their immense
potential for various applications.

Introduction

Halide perovskites are a broad class of semiconductor
materials with the chemical formula ABXz, where A is a
monovalent inorganic or organic cation (e.g., Cs* or
CHzNHz"), B is a divalent metal cation (e.g., Pb?"), and
X is a halide anion (CI~, Br~, I7)."? Low-dimensional deri-
vatives of this three-dimensional (3D) crystal structure
have also been engineered, in which the A site has been
partially or fully replaced by a larger volume of organic
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cations, enabling layered (two-dimensional), chained
(one-dimensional), and mixed-dimensional perovs-
kites.>* With appropriate selection of constituents, halide
perovskites feature an immense degree of tunability of
semiconducting properties, such as a tunable bandgap,
narrow spectral width, long charge carrier mobility, and
strong optical absorption, making them an ideal candi-
date for light-emitting diodes (LEDs), photodetectors,
photovoltaics, and other optoelectronic fields.>® This
compositional engineering has led to major advances in
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Figure 1| Types of doping ions investigated in halide perovskites. Green, yellow, and blue represent the type of ion
doping on the A-site, B-site, and X-site, respectively. Doping in halide perovskites can be achieved by different
mechanisms, including substitutional, interstitial, and surface adsorption doping. Substitutional doping involves
replacing one or more halide ions with a foreign ion, whereas interstitial doping involves introducing a foreign ion
into the perovskite’s interstitial sites. Surface adsorption doping entails deposition of a foreign molecule or atom on a

crystal surface.

the photophysical performance of perovskite-based
devices in terms of stability and efficiency.” However,
perovskites still suffer from several drawbacks that need
to be circumvented before this material can find
long-term application. For example, the intrinsic crystal
phase transition of perovskite-based devices during op-
eration and the poor stability when exposed to moisture,
high temperature, and ultraviolet light.® Moreover, device
performance still needs to be improved, and integrating
perovskite optoelectronics with versatile functionalities
remains a challenge.

Doping, a process in which impurity ions are intentional-
ly introduced into a target host, is an effective method to
tune the semiconducting properties of halide perovskites
without excessively changing their crystal structure and
basic characteristics.® Generally, a suitable doping tech-
nique for perovskites can stabilize crystal structures, re-
duce defect density, or tune luminescence properties.”®
This simple strategy can optimize the optoelectronic
properties of perovskites or potentially discover novel
properties beneficial to technological applications.”
To this end, a variety of ions, including cations of
main-group metals (e.g., Na*), transition metals (e.g.,
Mn?"), and rare-earth metals (e.g., Yb*"), have been doped
into perovskite matrices, imparting a wide variety of ex-
otic properties to this prominent material.”

In this mini-review, we discuss recent developments in
ion-doped halide perovskites, focusing on various meth-
ods used to enhance the photophysical properties of
perovskites, such as tuning their optical and spin-
related properties, improving their stability and quantum
yields. We also address outstanding challenges in this
field and preview possible avenues for future research
(Figure 1).

Bandgap Tuning

The tunable crystal structure of perovskites (ABXz)
enables precise control of the bandgap through doping
at the A, B, and X sites, resulting in high fluorescence
quantum vyields and emission in the visible and
near-infrared regions. Specifically, doping at the A site
can alter the bandgap and shift the emission wavelength
(Figure 2a).*™®™ The size and charge of the ion occupying
the A site play a crucial roles in this process because they
can affect the crystal lattice parameters and symmetry,
leading to changes in the optical and electronic proper-
ties of the material. For example, Sun et al.?° showed that
Cs* doping can reduce the lattice constant and enlarge
the bandgap in MAPbBrz perovskite nanocrystals. Simi-
larly, Chen et al.?’ achieved tunable luminescence over a
broad spectrum by replacing Cs* with FA* in perovskite
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Figure 2 | (a) Schematic showing the cross-exchange of Cs* and FA” ions between CsPblz and FAPbIz perovskite.
Reprinted with permission from ref 13. Copyright 2018 American Chemical Society. (b) PL spectra of samples obtained
by mixing CsPbBrz with either CsPbClz or CsPblz at various ratios. Reprinted with permission from ref 14. Copyright
2015 American Chemical Society. (c) Picture of the different CsPbX3 solutions obtained by anion exchange under a UV
lamp. Reprinted with permission from ref 15. Copyright 2018 American Chemical Society. (d) PL and absorption
spectra of CsPbBrz and after reacting with SnBr> and ZnBr» at different concentrations. Reprinted with permission
from ref 16. Copyright 2017 American Chemical Society. (e) The absorption and PL spectra of CsPbBrs; CsPbBrzEu*;
and CsPbBrzTb*. Reprinted with permission from ref 17. Copyright 2018 Wiley-VCH.

quantum dots. Etgar et al.?? also demonstrated tunable
emission in the 395-525 nm range by Rb* doping at the
A site. Overall, A-site doping slightly alters the bandgap
by changing the size of the impurities, which impacts the
lengths and angles of [PbXg]* octahedra.

Compared with A-site doping, X-site doping, which
adjusts the ratio of halogen atoms in perovskites, offers
a more convenient way to achieve tunable luminescence
across the entire visible range. This is due to the com-
bined influence of halogen atoms and Pb?* on the struc-
ture of the valence band (Figure 2¢).**?* Kovalenko
et al. reported that tuning the ratio of halogen atoms
(Cl, Br, I) in perovskite crystals by rapid internanocrystal
anion exchange can readily tune the luminescence
wavelength (Figure 2b). According to Zhao and collea-
gues,® introduction of SCN- dopants in CsPbBrz perov-
skite nanocrystals causes a blue-shift in luminescence.
This effect is attributed to the disorder created within
the crystal lattice, leading to the broadening of the
bandgap. Additionally, the mixed halide strategy exhi-
bits exceptional stability and high fluorescence quantum
yield.?®

B-site doping can significantly affect the bandgap and
the channel for radiative recombination. When Pb?* ions

are partially substituted, the lattice can expand or con-
tract, leading to a red- or blue-shift in the spectrum. The
bandgap can be widened by doping halide perovskites
with ions that are smaller than Pb?". This widening effect
has the potential to produce luminescence in the blue
range. For example, de Mello Donega et al.’® synthesized
CsPb;_yMxBrz (M= Sn?, Cd*, and Zn?*) nanocrystals
through partial cation exchange, resulting in a
blue-shift in their spectra (Figure 2d). Successful doping
of perovskites with Sr?*, Ni**, and Mn?* has been
reported.?’?® Doping with Sr?* leads to a widening of the
bandgap, while doping with Ni?* causes a red-shift in the
spectrum by improving the lattice order.?® Doping with
Mn?* enables multicolor luminescence by creating new
luminescent centers that coexist with the perovskite.**
In addition, rare earth ions (Eu®, Ce®, Sm*, Tb*, Dy*,
Er®, and Yb®") are highly effective dopants at the B-site
of perovskites as they possess a rich energy-level struc-
ture that can introduce new luminescence levels to the
radiative recombination of perovskites (Figure 2e)."732%
Exciton energy can be transferred to rare-earth energy
levels and then relaxed nonradiatively to the emission
level, resulting in remarkable multipeak emissions. This
process can be utilized to emit white light.
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Figure 3| (a) Scanning electron microscopy (SEM) images of the NaF-doped perovskite film and the control.
Reprinted with permission from ref 35. Copyright 2019 Spring Nature. (b) Efficiency stability of the KCl-doped
thin-film perovskite solar cells and the control. The inset pictures are real photos of control and KC/ doped perovskite
films stored in air. Reprinted with permission from ref 36. Copyright 2016 Royal Society of Chemistry. (c) 2D GIWAXS
patterns of the Rb and K codoped 2D/3D mixed perovskite film and the control. Reprinted with permission from ref 37.
Copyright 2020 American Chemical Society. (d) X-ray fluorescence mapping of the Rb and Cs codoped |/Br mixed
perovskite film and the control, indicating the uniform distribution of halogens after doping. Scale bar is 2 um.
Reprinted with permission from ref 38. Copyright 2019 American Association for the Advancement of Science.

Morphology and Crystallinity
Optimization

Poor morphology of perovskite films, including the pres-
ence of pinholes and voids, can facilitate water and
oxygen penetration, leading to perovskite decomposi-
tion and reduced stability in the corresponding optoelec-
tronics. Therefore, high-quality perovskite films with full
surface coverage are essential for stable optoelectronics.
To obtain high-quality perovskite films, the kinetics of
crystal growth must be controlled.®* For instance, F~ ions,
which have larger electronegativity and a smaller ionic
radius compared to other halogens, exhibit the strongest
hydrogen bonding with organic ammonium cations (e.g.,
CH3NHz") and the strongest ionic bonding with metal
cations (e.g., Pb?, Figure 3a).*® The strong chemical
interactions between doped F~ and perovskite precur-
sors can effectively delay the crystallization rate, result-
ing in high-quality perovskite films with full surface
coverage and large grain size. Zn?" can also be used as
a dopant in perovskite precursors to replace Pb?* ions,

which can affect the crystallization process and lead to
the formation of perovskite films with good morphology
and enhanced stability. This is because Zn?' ions are
stronger Lewis acids than Pb?" ions.*® Additionally, alkali
metal ions such as Na*, K*, and Rb", which have high
chemical activity, can also strongly interact with perov-
skite precursors, and regulate the kinetics of crystal
growth, resulting in stable and high-quality perovskite
films and optoelectronic devices with long-term opera-
tional stability (Figure 3b).%®

Inorganic ions not only affect film morphology but also
play a crucial role in adjusting the crystallinity of perov-
skite films, including crystal orientation and the distribu-
tion of mixed halogens. For example, in 2D/3D mixed
perovskites, the parallel-oriented 2D perovskite phases
severely affect the uniform expansion of crystal domains
and reduce the crystallinity and stability of the films.
Codoping with inorganic ions Rb" and K* can help to
resolve this problem. The 2D grazing-incidence wide-
angle X-ray scattering (GIWAXS) patterns show that
films with Rb* and K* exhibit less parallel-oriented 2D
perovskite phases, whereas undoped films still exhibit
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Figure 4 | (a) Ultraviolet photoelectron spectroscopy (UPS) of Li*-doped perovskite films. The inset shows the work
function of the perovskite versus the amount of doped Li*. Reprinted with permission from ref 42. Copyright 2018
Wiley-VCH. (b) Cation/anion ratio between doped metal ions and halogen ions in perovskites. Reprinted with
permission from ref 43. Copyright 2018 American Chemical Society. (c) Schematic of the interaction of doped ions
with halogens, resulting in suppression of vacancies. Reprinted with permission from ref 44. Copyright 2018 Spring
Nature. (d) PL stability of K-doped perovskite films. The inset shows the PL stability of control samples. Reprinted with
permission from ref 45. Copyright 2018 Wiley-VCH. (e) The mechanism of rare-earth metal ions (Eu) to suppress I° and
Pb° defects in perovskites. Reprinted with permission from ref 46. Copyright 2019 American Association for the
Advancement of Science. (f) Calculated formation energy of formamidine (FA) vacancies in perovskites without
dopant and with F~ or I". Reprinted with permission from ref 35. Copyright 2019 Spring Nature. (g) Comparison of
different perovskite phases using X-ray diffraction (XRD) patterns of perovskite films doped with different No&®*, Ca**,
and Na* concentrations. The * represent the non-perovskite 5-phases. (h) In-situ PL images of perovskite films without
and with No&? under an electric field. Reprinted with permission from ref 47. Copyright 2022 Spring Nature.

clear 2D phases (Figure 3c).*” This is likely due to the
gradual increase in the size of doped ions caused by
cascade doping, which leads to an expansion of crystal
distortion and kinetically favored facet orientation.*°
Furthermore, phase separation is a known problem in

halogen mixed perovskites, such as I/Br mixed perovs-
kites, which can result in poor film crystallinity and low-
ered stability. Doping with inorganic ions can alleviate
this issue, as demonstrated by Fenning et al.*® who sys-
temically explored the effects of different stoichiometric
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dopants of Rb" and Cs" on halogen-phase separation
using synchrotron-based nano-X-ray fluorescence and
complementary measurements. The results indicate that
moderate doping of Cs" or codoping of Cs™ and Rb* can
effectively prevent |/Br separation (Figure 3d). However,
the underlying mechanism of how doping with inorganic
ions suppresses the halogen-phase separation remains
unknown.

Trap-State Passivation and
lon-Migration Suppression

Halide perovskites are prone to form traps and defects
due to the soft nature of their main constituents, leading
to ion migration and reduced stability.*’ Doping ions into
perovskites can passivate the traps and suppress ion
migration, thereby improving the stability of the perov-
skite. For example, Li*-doped perovskites can act as
n-type donors, reducing the work function of perovskites
and providing free charge carriers to fill the oxidized trap
states, improving the stability of perovskite devices
(Figure 4a).*2 However, the effectiveness of Li* in passiv-
ating trap states is limited as Li* is too small to hinder the
migration of I~ ions into interstitial sites. Li* ions in perov-
skite lattices cannot occupy interstitial sites, and this
leads to the accumulation of electrons and formation of
I-Frenkel defects.*®* On the other hand, K" ions have a
comparable size and ratio with I~ in perovskites, making
them more compatible with interstitial sites (Figure 4b).
Therefore, when perovskites are doped with potassium
halide salts (e.g., KI), K* ions can diffuse uniformly into
interstitial sites, effectively preventing the formation of
I-Frenkel defects. Furthermore, diffusion of excess K" and
|~ ions into the film surface or grain boundaries can im-
mobilize halogens and fill halide vacancies, thereby pre-
venting halide migration, alleviating phase separation, and
suppressing nonradiative recombination (Figure 4c¢,d).*44°

Rare-earth elements such as Eu have been found to
suppress Pb® and I° defects in perovskites through the
use of a Eu**-Eu?" redox shuttle.*® This involves the re-
duction of 1° to |- by Eu?, followed by the formation of
Eu®, which can oxidize Pb® to Pb*, forming a cycle
(Figure 4e). This Eu®*-Eu?" redox shuttle has been shown
to significantly improve the stability of perovskite
devices. Moreover, organic ammonium ions can cause
vacancies in perovskite lattices when they volatilize.
These doped ions with strong chemical interaction, such
as F-, can anchor ammonium ions through hydrogen
bonds and prevent them from escaping, inhibiting the
formation of ammonium vacancies.*® The formation en-
ergy of FA" vacancies in F-doped perovskites is higher
than that of control and I"-doped perovskites (Figure 4f).
Excessive doping can cause deformation of perovskite
lattices, resulting in a decrease in stability (Figure 4g).*
Therefore, low doping with efficient trap passivation and

suppression of ion migration is desirable. Trivalent
cations such as Nd*" can effectively suppress ion migra-
tion at a low dose of 0.08% (Figure 4h).“® Unlike Ca** or
Na* doping, Nd** doping has been shown not to form
nonperovskite §-phases even at high doses of 5%, sug-
gesting that Nd** doping can still effectively suppress
5-phases and promote the formation of the stable black
perovskite a-phase (Figure 49).*®*° However, the deep
mechanism behind this requires further exploration.

The promotion and stabilization of the black perovskite
phase in FAPbIz or CsPbls are crucial for achieving high
performance and stable single-junction perovskite photo-
voltaics.®® The introduction of chloride ions (CI7) during
the precursor synthesis of FAPbIz has proven effective in
stabilizing the black a-FAPbIz This stabilization occurs
due to the CI ions inducing p orbital localization of I~
ions, which enhances their intensity at the highest occu-
pied molecular orbital state. Consequently, this improves
the interaction between I~ and FA*, leading to the stabili-
zation of the black phase.® In the case of CsPbl,Br perov-
skite, the successful doping of Eu?* at the atomic level has
been observed to enhance the thermodynamic stability of
the black phase at room temperature by strengthening
the ionic bond.***® Apart from inorganic ions, organic ions
such as pyridine-2-carboxylate exhibit strong interaction
with perovskites and can suppress the transition from the
black perovskite phase to an inactive phase.>

Lattice Strain Relaxation

During perovskite growth, lattice strain often occurs due
to various factors such as heat, mechanical deformation,
and lattice mismatch.®® This strain has been found to
increase defect concentration and nonradiative recom-
bination, which negatively affects perovskite stability.>®*’
In general, perovskites release lattice strain by forming
point defects to maintain crystal systems at the lowest
energy level (Figure 5). However, these point defects
reduce stability. On the contrary, doping ions with a
suitable size can support strain relaxation with minimal
side effects.®® There are many candidates for doping ions
to release lattice strain, including soft/intermediate Lew-
is acids (Hg?*, Cd?*, Zn?") and hard Lewis acids (Ba?', Sr*,
Ca?) for the B site, and Lewis bases (CI-, Br~, ") for the X
site in halide perovskites. It should be noted that unlike
crystal tilts caused by local strains, moderate crystal
lattice tilts induced by uniformly doped ions can reduce
the internal energy of the system, which can stabilize the
crystal structure. As with local strains, overdosing of ions
can have negative effects such as causing severe lattice
tilting, increasing internal energy, and destabilizing crys-
tals. Therefore, it is crucial that the doping of ions in
perovskites is performed homogeneously and the appro-
priate amount is used.
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ions. Reprinted with permission from ref 58. Copyright 2018 Spring Nature.

Spin-State Regulation

Lead halide perovskites are promising materials for
spin-related applications due to their strong spin-
orbital coupling (SOC).*® This intrinsic property has led
toincreasing efforts to investigate and tune the spin state
of charge carriers in perovskites, making them a strong
candidate for optospintronics.®® This technology com-
bines spin degrees of freedom with photons and charges,
resulting in lower power consumption and faster switch-
ing times than conventional electronic systems. Howev-
er, the strong SOC effect also shortens the lifetime of spin
states in perovskites to a few picoseconds at room tem-
perature, limiting their spin-related applications. There-
fore, it is essential to understand the mechanism of spin
decoherence and improve the spin-relaxation time in
perovskites.

In recent studies, Wu et al.?' investigated spin relaxa-
tion in CsPbls and CsPbBrz perovskite nanocrystals at
room temperature using circularly polarized transient
absorption spectroscopy and found that spin lifetime
decreases with decreasing size. The spin relaxation was
prolonged to ~18 ps by replacing heavy-metal Pb with
lighter Sn, which attenuates the SOC effect (Figure 6a).52
In another study, Beard et al.®®* prolonged the exciton spin
relaxation in two-dimensional perovskite single crystals
to ~26 ps by changing organic ligand components
(Figure 6b). Moreover, Jin et al.** explored the influence
of Bi doping on the spin-relaxation dynamics of charge
carriers in CsPbBrz nanocrystals (Figure 6c¢). The spin
relaxation in Bi-doped nanocrystals was prolonged to
~24.6 ps by adjusting the Bi doping amount, which
introduced ultrafast hole trapping (~0.13 ps) and dis-
rupted electron-hole exchange.

Doping transition metals in the perovskite lattice can
improve the performance of photocatalysts by tuning the
spin-relaxation process. Chen et al.®* enhanced photoca-
talytic CO, reduction efficiency by doping Mn?' into
CsPbBrz nanoplates, which resulted in increased

spin-polarized carriers under an external magnetic field,
prolonged carrier lifetime, and suppressed charge re-
combination (Figure 6d). Despite notable progress, cur-
rent methods for tuning the spin state in perovskites
through doping remain limited, and further exploration
is needed to unlock the potential spin-related applica-
tions of perovskites, including 3D display and circular
polarized emission from chiral perovskites at room
temperature.

Challenges and Perspectives

Although significant progress has been made in perov-
skite materials, there is still limited understanding of
doped halide perovskites, including synthesis and doping
methods, structure-performance relationships, and in-
trinsic mechanisms for optoelectronic properties.®®®’

A major challenge is the lack of complete structural
information about the doped ions in halide perovskites,
including the crystallographic sites occupied by dopants
and the distribution of ions.®® This is because perovskites
are composed of a variety of components, including
the perovskite lattice, dopants, and inorganic and organ-
ic molecules that form a complex three-dimensional
network. Precise characterization techniques, such as
steady-state absorption and emission spectroscopy and
X-ray photoelectron spectroscopy, have provided
insight into ion doping.?®” However, more advanced
techniques such as time-of-flight secondary ion mass
spectrometry are needed to gain a comprehensive un-
derstanding of these complex systems. These techniques
offer improved means of observing doping information
and represent a novel viewpoint for further investigation
of the success of ion doping in perovskites.”?”

Another challenge is that current dopant engineering for
perovskites has primarily focused on three-dimensional
structures, but there is potential for dopant-assisted
performance tuning in low-dimensional perovskites.
Two-dimensional halide perovskites, for example, offer
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Figure 6 | (a) CsSnBrz nanocrystals strike the balance between optical orientation and spin relaxation through
appropriate SOC strength. (b) Chemical and crystal structures of organic ammonium cations and corresponding
hybrid two-dimensional perovskites. (c) Spin-relaxation time in Bi-doped CsPbBrz nanocrystals as a function of the Bi-
to-Pb ratio at room temperature. (d) Schematic of the electron spin-polarization-inducing longer lifetime of photo-
excited charge carriers in Mn-doped CsPbBrz nanoplates under an external magnetic field, boosting the photocatalytic
CO, reduction efficiency. Reprinted with permission from refs 62 and 63. Copyright 2021 American Chemical Society;
refs 64 and 65. Copyright 2022 American Chemical Society.

opportunities to research the interaction between
optically, electronically, and magnetically active dopants
and quantum confinement effects. Meanwhile, low-
dimensional chiral perovskites, obtained by inserting chiral
organic molecules into three-dimensional matrices, have
potential for chiroptoelectronics because they can manip-
ulate the spin of photons/electrons without requiring an
external magnetic component. This field has attracted a
wide range of researchers with expertise in hybrid per-
ovskites, chirality, and spintronics. However, the dissym-
metry factors (g,ps) of chiral perovskites are very low
(<107?), and the mechanisms of chirality transfer from the
molecular level to the nanoscale remain unclear.”* More-
over, the properties of circularly polarized emission from
chiral perovskites depend on temperature. At low tem-
peratures, the emission is usually circularly polarized, while
at room temperature it is almost unpolarized.” Therefore,
researchers should focus on designing and integrating
novel chiral dopants into perovskites that introduce great-
er structural asymmetry. This can potentially improve the
enantioselectivity of circularly polarized emission from
chiral perovskites at room temperature, which is desirable

for various applications and can advance the field of
chiroptoelectronics, ferroelectrics, and spintronics.

Doped perovskite scintillators possess high light out-
put, excellent energy resolution, and fast response time,
rendering them ideal for radiation detection, environ-
mental monitoring, and medical imaging.”®*”” In X-ray
computed tomography, for example, these scintillators
can convert X-rays into visible light that can be detected
and used to generate detailed images of internal struc-
tures within the human body. The use of doped perov-
skite scintillators with high light yield and energy
resolution provides high-quality images while minimizing
patients’ radiation exposure.”® Moreover, these scintilla-
tors can be integrated into wearable or implantable do-
simetry devices for real-time monitoring of radiation
exposure during radiotherapy.”®®° Current research in
this field continues to explore the fundamental proper-
ties and performance of doped perovskite scintillators, as
well as their integration into advanced technologies for
diverse applications. We believe that further develop-
ments and optimization will enable multifunctional pe-
rovskite scintillators to revolutionize the field.
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Rare earth (RE*")-doped perovskites have received sig-
nificant attention due to their unique structural and optical
properties.® These positively charged RE®* ions can re-
place either the A or B cation in the perovskite structure,
depending on their size. By doping halide perovskites with
RE®, it is possible to generate materials with exceptional
structural and optical properties that can be used for a
range of applications. They exhibit high photolumines-
cence (PL) gquantum yield, narrow emission linewidth, and
long luminescence lifetime, making them attractive for
solid-state lighting and sensing applications. Moreover,
RE®*-doped perovskites can exhibit upconversion lumi-
nescence, converting low-energy photons into higher-
energy photons, which is beneficial for enhancing light
output in solar cells. Furthermore, RE**-doped perovskites
exhibit improved thermal stability, making them suitable
for high-temperature applications. This enhanced stability
contributes to the durability and longevity of devices and
systems incorporating these materials.

Despite their many useful properties, RE**-doped per-
ovskites face challenges, particularly regarding stability,
as they can degrade over time due to moisture and
oxygen exposure. Additionally, their synthesis and dop-
ing processes can be difficult. Therefore, further research
is needed to enhance stability, improve synthesis
methods, and develop practical integration strategies.
However, the continued advances in materials science
suggest that RE**-doped perovskites hold great potential
for revolutionizing various industries and technologies.
Notably, they offer a sustainable alternative to traditional
LEDs, with high PL quantum yield and tunable emission
wavelengths, making them suitable for efficient and
color-tunable lighting applications.®?

Conclusions

Halide perovskites doped with various elements provide
a fascinating and promising platform for optoelectronic
applications. The combination of their remarkable opti-
cal, electrical, and structural properties, as well as their
low cost and ease of fabrication, make them an ideal
candidate for many future applications. Further research
should focus on understanding the effects of doping,
characterizing the precise distribution of doped ions, and
optimizing the performance of perovskites. We believe
that doped halide perovskites will have a significant
impact on the future of materials science.
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