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1 Introduction

Owing to their fascinating d-f and f-f optical transitions, trivalent lanthanide
jons (Ln>*) have been doped into many host materials for a wide range of
applications, such as lighting, volumetric display, anticounterfeiting, and radi-
ation detection, as well as imaging-guided medical treatment [1,2]. Optical
transitions within 4f manifolds are of particular interest to scientific and
industrial communities, as their associated photoluminescence is character-
ized by narrow-band, fingerprint-like emission with tunable wavelengths from
the ultraviolet (UV) to near-infrared (NIR) regions [3,4]. Notably, abundant
ladder-like 4f energy levels endow lanthanide-doped materials with intriguing
linear and nonlinear optical phenomena, including downshifting, quantum
cutting, and anti-Stokes upconversion (Fig. 1).

Although proof-of-concept studies of luminescence in lanthanide-doped
materials have been well demonstrated, practical applications demand further
improvements in both emission intensity and photon conversion efficiency as
the absorption cross-sections of lanthanide ions are typically small. This is
attributed to the parity-forbidden nature of electric dipole 4f-4f optical transi-
tions. By taking advantage of nonradiative resonance energy transfer, this
drawback can be effectively circumvented using sensitizers with large absorp-
tion cross-sections, such as Yb** and Nd3+, semiconductors, and organic
molecules [5-7].

In comparison, semiconductors have outperformed lanthanide sensitizers
for energy harvesting because the former features absorption cross-sections
a few orders of magnitude larger than the latter [8,9]. When compared with
organic sensitizers, semiconductors feature much greater photostability.
Importantly, recent studies have shown that resonance energy transfer can
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FIG. 1 Schematics of linear and nonlinear optical phenomena in lanthanide-doped luminescent
materials.
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occur between molecular triplet states directly to the lanthanide’s 4f states,
rather than molecular singlet states [10,11]. As such, the overall sensitiza-
tion efficiency equals the product of singlet-triplet intersystem-crossing
efficiency and triplet-lanthanide energy transfer efficiency. An extra step
of intersystem crossing could decrease sensitization efficiency. Addition-
ally, the bandgap emission of semiconductors can be fine-tuned to match
the absorption spectral range of lanthanide ions by varying the size, shape,
composition, and crystal structure of the semiconductors, or through surface
modification [12]. Despite enormous research, doping of trivalent lantha-
nide ions into conventional semiconductors remains challenging because
of ionic size mismatch and low coordination numbers typically associated
with semiconductor elements [13,14].

Lead-based inorganic halide perovskites CsPbX; (X=CIl, Br, or I) have
been at the forefront of scientific research, largely due to their tunable band-
gaps, large absorption cross-sections, and high photoluminescence quantum
yields [15—19]. Given the increase in coordination number and structural tun-
ability, perovskite semiconductors have shown great utility in coupling lantha-
nide ions for light harvesting and luminescence manipulation [20-22]. For
example, sensitized NIR emission has reportedly reached a quantum yield
of over 190% in Yb>*-doped perovskite thin films [23], which is significantly
higher than that achieved in Yb®*-doped CdSe, NaInS, and PbInS, nano-
crystals [24,25]. In this respect, lanthanide-doped perovskites are promising
for optoelectronic applications in photovoltaic modules, luminescent solar
concentrators (LSCs) and light-emitting diodes (LEDs) [20,21].

In this chapter, we summarize recent advances in the development of
lanthanide-doped luminescent perovskites. Emphasis is placed on mechanistic
studies of energy transfer-governed sensitization and quantum cutting, fol-
lowed by an overview on the recent use of these luminophores for optoelec-
tronic performance enhancement. This chapter ends with an outlook that
discusses current challenges and future promises in developing lanthanide-
doped perovskite materials.

2 Lanthanide-doped lead-based inorganic halide perovskites
2.1 Lanthanide doping

Lanthanide-doped semiconductors have long been desired for linear and non-
linear optical applications [9,26,27]. Compared with ionic hosts such as fluor-
ides and oxides, it is much more difficult to incorporate lanthanide ions into
conventional semiconductors, such as silicon, II-VI, and III-V semiconduc-
tors. This can be mainly ascribed to the low coordination numbers of cation
sites and the large mismatch in the ionic radii of lanthanide dopants and host
cations (Fig. 2). Incompatibility in dopant-host oxidation states is another fac-
tor determining lanthanide solubility because aliovalent doping requires the
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FIG. 2 Atomic illustrations of the first-coordination polyhedra of trivalent lanthanide ions doped
in four different crystals.

formation of defects to maintain charge neutrality. Additionally, intrinsic host
lattice defects can affect lanthanide solubility, especially in colloidal nano-
crystals synthesized under thermal nonequilibrium conditions. Consequently,
doping is most likely a kinetic process involving ion adsorption, diffusion,
and substitution, which is greatly affected by structural defects.

Inorganic lead halide perovskites are an emerging class of semiconduc-
tors that can tolerate lattice imperfection to a large extent, as evidenced by
trivial changes in their electronic structures [28]. Goldschmidt’s tolerance
factor (¢) has been used extensively to predict the stability of the perovskite
structure [29]:

t=(ra+rx)/V2(rg +rx) Q)

where 1; (i=A, B, or X) denotes the radius of a given ion in ABXj3 perovs-
kites. The calculated tolerance factors of CsPbXj crystals fall within the range
between 0.81 and 1.11 [30], suggesting a high tolerance for lattice defects.
Moreover, the octahedral index u [31]:

ﬂZI‘B/FX (2)
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is in the range between 0.41 and 0.90, indicating a large degree of octahedron
distortion and a high probability of multiphase coexistence. Taken together,
one would expect easy lanthanide doping into perovskite hosts without
compromising lattice integrity.

As for CsPbXj; crystals, Cs* and Pb>* cations are bonded to 12 and 6
anions, respectively. The corresponding Shannon ionic radii for Cs* and Pb**
ions are 188 and 119pm, respectively, while the ionic radii of 6-coordinated
Ln** fall within the range of 86-103pm. Given the small differences in ionic
radius and valency between Pb** and Ln>* ions, lanthanide ions are expected
to substitute Pb>* ions with an octahedral coordination environment, accompa-
nied by the formation of lattice defects for charge compensation. Such a
hypothesis has been supported by experimental characterizations and quantum
calculations [32,33]. Specifically, the extended X-ray absorption fine structure
spectra of Yb Ly-edge showed that bond lengths between Yb** dopants and
their neighboring C1™ ions are close to Pb—Cl bond length, suggesting that
Pb>* are substituted by Yb** [33]. Moreover, similar photoluminescence decay
kinetics of band-edge emission in both Yb>*- and La**-doped CsPbCl; nano-
crystals indicate a general replacement of Ln** for Pb®*. This conclusion is
consistent with density functional theory (DFT)-based first-principles calcula-
tions in which lanthanide doping at Pb** sites possesses the lowest formation
energy compared with Cs* substitution or Ln** interstitial, irrespective of Pb
chemical potentials [32,34].

Despite successful incorporation, the molar concentrations of lanthanide
ions (e.g., Yb**, Er’*, Ce®*, and Pr’*) are typically less than 10%, which is
one order of magnitude lower than the nominal concentrations of starting
materials. Importantly, further incorporation of lanthanides can compromise
the crystallinity of perovskite nanocrystals [35]. This arises because lantha-
nide doping typically results in a concomitant formation of lattice defects
such as Pb®* vacancies. Although halogen vacancies can assist lanthanide
doping, the reported Yb>* concentration in CsPbCl; nanocrystals synthesized
under chloride-deficient conditions remains low (3.04%) [33].

2.2 Optical features of lanthanide-doped lead inorganic halide
perovskites

Alloying perovskites with different lanthanide ions enables tunable emission
wavelengths from visible to NIR-II [32,36]. Optical characterizations reveal
that lanthanide doping slightly shifts exciton emission to higher energy as
the atomic number of lanthanide dopants increases, while photoluminescence
profiles of Ln** maintain characteristic 4f-4f transition patterns (Fig. 3).
Importantly, lanthanide doping enhances overall nanocrystal emission, which
can be ascribed to enhanced lanthanide emission by host sensitization, as
manifested by decoupled quantum yields (Fig. 4). As the doping concentration
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FIG. 3 (A) Absorption and (B) emission spectra of Ln**-doped and pristine CsPbCl; nanocrys-
tals. Adapted with permission from G. Pan, X. Bai, D. Yang, X. Chen, P. Jing, S. Qu, L. Zhang,
D. Zhou,J. Zhu, W. Xu, B. Dong, H. Song, Doping lanthanide into perovskite nanocrystals: highly
improved and expanded optical properties, Nano Lett. 17 (2017) 8005-8011, 10.1021/acs.nano-
lett.7b04575 © 2017 American Chemical Society.
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FIG. 4 Overall and projected photoluminescence quantum yields of Ln**-doped and pristine
CsPbCl; nanocrystals. Adapted with permission from G. Pan, X. Bai, D. Yang, X. Chen, P. Jing,
S. Qu, L. Zhang, D. Zhou, J. Zhu, W. Xu, B. Dong, H. Song, Doping lanthanide into perovskite
nanocrystals: highly improved and expanded optical properties, Nano Lett. 17 (2017)
8005-8011, 10.1021/acs.nanolett.7b04575 © 2017 American Chemical Society.
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increases, the quantum yield of exciton emission first increases and then
decreases, suggesting that low-concentration doping suppresses defect-induced
nonradiative recombination [37,38]. However, the nature of doping-induced
enhancement in exciton emission remains unclear. Lanthanide doping may
increase the formation energies of defects, leading to a reduced number of
deep traps and thus alleviated nonradiative decays. On the other hand, suppres-
sion of nonradiative decay may originate from doping-induced shallow traps
that may effectively compete with deep traps [39]. Consequently, charge car-
riers in shallow traps escape back to the host band edge for radiative recombi-
nation, resulting in increased exciton quantum yields.

Another exciting discovery is that the quantum yield of NIR emission
from Yb** dopants in perovskites can exceed 100% (Fig. 4), indicative of a
nonlinear quantum-cutting phenomenon. For example, quantum yields of
193% and 183% have been reported in Yb3+-doped CsPb(Cl1,Br;_ )3 thin
films that are prepared by spin-coating [23] and single-source vapor deposi-
tion [40], respectively. Such high quantum yields are comparable to those
observed in their nano-sized counterparts [39,41]. Although quantum cutting
with high quantum yields has been reported in inorganic crystals doped with
Tb**-Yb**, Tm>*-Yb**, and Pr’*-Yb®* pairs, hybrid lanthanide-perovskite
systems exhibit more efficient quantum cutting than lanthanides alone because
of the large absorption cross-sections of perovskites [42]. Additionally,
single-crystal and nanocrystal samples showed similar spectral and photophy-
sical characteristics, suggesting that quantum cutting is an intrinsic property of
Yb**-doped perovskites (Fig. 5) [43].

Apart from singly doping, codoping of different lanthanide ions is also fea-
sible in perovskites to impart new optical features and enhance quantum yields.
When codoped with Yb>* and Er**, the NIR emission of Er’** was detected in
CsPbCl; nanocrystals [44-46]. The excitation spectra of CsPbCl;:Yb/Er
nanocrystals suggested that the perovskite host sensitizes Yb** instead of Er’*
because the monitored 1540-nm emission of Er’* is not responsive to the
280—400nm UV excitation (Fig. 6). Additionally, multi-color emission has been
achieved in a specific class of perovskite nanophosphors codoped with Yb** and
Mn>* [47]. By varying the doping concentration, intensity ratios between exci-
ton, Mn>*, and Yb** emissions change accordingly, giving rise to different emis-
sion colors (Fig. 7A). This effect is attributable to the host-Mn?*, host-Yb*", and
Mn?*-Yb** energy transfer, as corroborated by concentration-dependent photo-
luminescence decay measurements (Fig. 7B and C).

Codoping of optically inert species into perovskites represents another
useful approach to tailoring optical properties. For instance, bright blue-violet
emission with 36.5% quantum yield was obtained in CsPbCl; quantum dots
after cooping of non-emissive F~ and La®* ions [48]. This quantum yield is
one order of magnitude higher than that of nondoped samples. Other examples
include Sm**-doped CsPbCls nanocrystals that show high-efficiency electro-
luminescence with tunable emission colors [49]. The maximal quantum yield
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FIG. 5 (A) Photoluminescence spectra of CsPbCly:Yb** nanocrystals and single crystals,
measured at 5K and normalized to the peak at ~9960cm™'. The inset is the enlarged view of
peaks within the energy range between 10,230 and 10,170cm ™. (B) Schematics showing the
crystal-field splitting of 4f energy levels of Yb**. (C and D) Room-temperature time-resolved
photoluminescence data of CsPbCls: Yb>* nanocrystals and single crystals, respectively. The insets
show the first 100ns of the time-resolved photoluminescence trace. IRF denotes instrument
response function. A.x=404nm, and A.,, =985nm. Adapted with permission from J.Y.D. Roh,
M.D. Smith, M.J. Crane, D. Biner, T.J. Milstein, KW. Kramer, D.R. Gamelin, Yu'* speciation
and energy-transfer dynamics in quantum-cutting Yb“—doped CsPbClI3 perovskite nanocrystals
and single crystals, Phys. Rev. Mater. 4 (2020) 105405, 10.1103/PhysRevMaterials.4.105405 ©
2020 American Physical Society.

(85%) was observed for 10% Sm>*-doped samples. As an added benefit, the
incorporation of Sm** enhances the chemical stability of perovskite nanocrys-
tals, which can be attributed to surface passivation by lanthanide ions.

2.3 Energy transfer and quantum cutting

When employing perovskites as sensitizers, energy transfer efficiency from
perovskite hosts to lanthanide emitters essentially determines the ultimate
luminescence intensity and quantum yield of doped phosphors, which bears
resemblance to lanthanide sensitizer-activator pairs (e.g., Yb**-Er’*). Let’s
take energy transfer in Yb3+-d0ped CsPb(Cl,Br;_,); nanocrystals for illus-
tration [39]. Upon 365-nm irradiation, pristine perovskite hosts exhibit
sharp exciton emission at 410nm (Fig. 8A). Following lanthanide doping,
exciton emission from CsPbCl; nanocrystals decreases dramatically, while an
intense emission from Yb’* at 990nm emerges, suggesting efficient energy trans-
fer from the perovskite matrix to Yb** (Fig. 8B). Moreover, the NIR emission
intensity increases with increased Yb** concentration (Fig. 8C), indicating that
cross-relaxation and surface-related quenching are trivial in these nanocrystals.
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FIG. 6 (A) Absorption spectra of CsPbCl;, CsPbCls:Er, and CsPbCl;:Yb/Er nanocrystals.
(B) Emission spectra of CsPbCl;, CsPbCls:Er, and CsPbCl;:Yb/Er nanocrystals under 365-nm
excitation. (C) Excitation spectra of CsPbCl;:Yb/Er nanocrystals monitored at 400, 986, and
1540nm. (D) Schematic of energy transfer in CsPbCl;:Yb/Er nanocrystals. Adapted with permis-
sion fromY. Zhu, G. Pan, L. Shao, G. Yang, X. Xu, J. Zhao, Y. Mao, Effective infrared emission
of erbium ions doped inorganic lead halide perovskite quantum dots by sensitization of ytter-
bium ions, J. Alloys Compd. 835 (2020) 155390, 10.1016/j.jallcom.2020.155390 © 2020
Elsevier Science B.V.

Time-resolved photoluminescence characterization revealed fast host-to-Yb**
energy transfer at a picosecond timescale, leading to enhanced photolumines-
cence intensity and quantum yield (Fig. 8D).

Energy transfer in Sm**- and Eu’*-doped CsPbCl; nanocrystals closely
resembles that in Yb**-doped counterparts [49,50]. Under 365-nm illumina-
tion, electrons can be excited from the valence band to the conduction band
of the perovskite host, generating electron-hole pairs in the host. The
Coulomb attraction triggers electron-hole recombination, followed by exciton
emission. In the presence of lanthanide dopants, energy transfer from excitons
to lanthanides dominates, populating the excited states of lanthanides.
Subsequent depopulation leads to spontaneous lanthanide emission. Of note,
phonon may participate in both host-to-lanthanide energy transfer and nonra-
diative decay between closely lying energy levels of lanthanide emitters.
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FIG. 7 (A) Photoluminescence spectra of undoped and Mn/Yb-codoped CsPbCl; nanocrystals.
(B) Compiled average lifetimes for exciton, Mn2+, and Yb** photoluminescence. (C) Schematic
of energy transfer in CsPbCl;:Mn/Yb nanocrystals. Adapted with permission from T. Cai,
J. Wang, W. Li, K. Hills-Kimball, H. Yang, Y. Nagaoka, Y. Yuan, R. Zia, O. Chen, MY’
codoped CsPbCl; perovskite nanocrystals with triple-wavelength emission for luminescent solar
concentrators, Adv. Sci. 7 (2020) 2001317, 10.1002/advs.202001317 © 2020 John Wiley and
Sons.

Fast, efficient energy transfer also endows Yb-doped perovskites with NIR
emission over 100% quantum yield. This indicates that one exciton is con-
verted into two NIR photons, a nonlinear optical phenomenon known as quan-
tum cutting. In principle, a prerequisite for quantum cutting luminescence is that
the excitation photon must have energy higher than the sum of the two or more
emitted photons. Given that the total energy of two emitted NIR photons from
Yb** at a low temperature is 2.53 eV, quantum cutting occurs only under excita-
tion above this threshold (ca. 490nm) [51]. By changing the anion composition,
perovskite nanocrystals with mixed chlorine and bromine can display tunable
bandgaps from 3.06eV (405nm) in the case of CsPbCl; nanocrystals to
2.53eV (490nm) in the case of CsPb(Cly,sBry75); nanocrystals. Indeed,
measured photoluminescence intensity from Yb>* dampens when exciton emis-
sion energy is lower than 2.53eV (Fig. 9). The NIR emission intensity becomes
Zero as exciton emission energy is below 2.4eV, suggesting termination of host
sensitization.
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ward by 1073 for clarity of the logarithmic presentation. Adapted with permission from T.J.
Milstein, D.M. Kroupa, D.R. Gamelin, Picosecond quantum cutting generates photoluminescence
quantum yields over 100% in ytterbium-doped CsPbCl; nanocrystals, Nano Lett.
18 (2018) 3792-3799, 10.1021/acs.nanolett.8b01066 © 2018 American Chemical Society.
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American Chemical Society.
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Two mechanisms have been proposed to explain quantum cutting in Yb**-
doped perovskites. One argument is that energy transfer from the host to
Yb** is a stepwise process, in which excitation energy is separated into
two portions by defect-induced deep trap states and transferred to two neigh-
boring Yb** ions (Fig. 10A) [32,44.46]. Another mechanism claims that Yb**
doping-induced shallow traps depopulate host excitons within hundreds of
femtoseconds and transfer energy to two neighboring Yb** emitters simulta-
neously on picosecond time scales (Fig. 10B) [23,39,52]. Low-temperature
shallow-trap emission has also been reported from CsPbCl; single crystals
and nanocrystals doped with optically inactive La®" ions, suggesting that
doping-induced shallow traps are associated with interior lattice defects rather
than surface-related defects [39,53]. Importantly, fast energy transfer from
CsPbCl; hosts to lanthanide ions can compete with exciton recombination and
remain highly efficient even at cryogenic temperatures.

The general consensus is that aliovalent doping requires formation of
charge-compensating defects. For lanthanide-doped perovskites, a Yb>*-Vp,-
Yb** cluster, analogous to the “Mcpherson pairs” in CsCdBr; doped with tri-
valent cations, has been proposed as the origin of those shallow traps [54].
DFT calculations reveal that a right-angle Yb**-Vp,-Yb®* cluster with the
least formation energy is most likely to form compared with other configura-
tions (Fig. 11) [55]. Considering that such charge-neutral defects do not intro-
duce any mid-gap states, deep-trap-mediated stepwise sensitization of two
Yb** ions is unlikely to occur, whereas simultaneous sensitization of
two Yb>* favors quantum cutting. However, the depopulation of host excitons
via shallow traps is not supported by DFT calculations. This discrepancy
arises because Pb vacancies only introduce shallow traps within the valence
band rather than below the conduction band. These traps have a trivial influ-
ence on optical properties of halide perovskites, consistent with the fact that
perovskites have high defect tolerance [56,57]. Instead, DFT calculations
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Right-angle configuration
Line configuration

FIG. 11 (A) Atomic structure of CsPbCl; with a Pb vacancy. (B and C) Atomic structures of
Yb-doped CsPbCl; with a Yb**~Vp,—Yb>* cluster in line and right-angle configurations, respec-
tively. (D) Atomic scheme of a PbClg octahedron in pristine CsPbCl; crystals. Adapted with per-
mission from X. Li, S. Duan, H. Liu, G. Chen, Y. Luo, H. Aigren, Mechanism for the extremely
efficient sensitization of Yb>* luminescence in CsPbCl; nanocrystals, J. Phys. Chem. Lett.
10 (2019) 487-492, 10.1021/acs.jpclett.8b03406 © 2019 American Chemical Society.

suggest that the right-angle defects increase the density of electronic wave
function of adjacent Pb atoms and facilitate tapping of host excitons for quan-
tum cutting.

2.4 Photoluminescence saturation

Yb**-doped quantum cutters suffer from luminescence saturation under mod-
erate excitation density. As a case in point, Yb>*-doped perovskite thin-film
yields 193% NIR emission at a power density of ~10">cm *s™' and below
50% at an excitation fluence of ~10'°cm™?s™' upon 375-nm irradiation
(Fig. 12) [23]. This photon flux is equivalent to that under AMI1.5 solar irra-
diation, necessitating new strategies to mitigating luminescence saturation in
practical applications. Mechanistic studies indicate that the microscopic origin
of power saturation is likely the large absorption cross-section of the perov-
skite host and the long excited state lifetimes of Yb*, leading to two nonra-
diative deactivation mechanisms [52]. Simulations of saturation behavior
using a kinetic model reveal that Auger-type cross-relaxation between photo-
excited hosts and pre-excited Yb** resembles experimental observation. Spe-
cifically, Yb>* ions that have undergone first-round excitonic excitation can
be excited to the lowest halide-to-metal charge-transfer state upon second-
round excitonic excitation. Ensuing nonradiative relaxation to the 2F5/2 state
of Yb** results in decreased quantum yield (Fig. 13).
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FIG. 12 Fluence dependence of the Yb** NIR quantum yield of a CsPb(Cly 35Brg65)3:Yb thin
film measured upon 375-nm excitation. Adapted with permission from D.M. Kroupa, J.Y. Roh, T .J.
Milstein, S.E. Creutz, D.R. Gamelin, Quantum-cutting ytterbium-doped CsPb(Cl;_Br.); perovskite
thin films with photoluminescence quantum yields over 190%, ACS FEnergy Lett. 3
(2018) 2390-2395, 10.1021/acsenergylett.8b01528 © 2018 American Chemical Society.
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FIG. 13 Schematic showing the underlying mechanism of photoluminescence saturation in
quantum-cutting Yb-doped perovskites. Adapted with permission from C.S. Erickson, M.J.
Crane, T.J. Milstein, D.R. Gamelin, Photoluminescence saturation in quantum-cutting Yt
doped CsPb(Cl;..Br.); perovskite nanocrystals: implications for solar downconversion, J. Phys.
Chem. C 123 (2019) 12474-12484, 10.1021/acs.jpcc.9b01296 © 2019 American Chemical
Society.

Based on the proposed mechanism, power saturation could be suppressed
by decreasing the photoexcitation rate of each Yb>* ion, shortening the life-
time of Yb>* ions, or suppressing Auger-type cross-relaxation [52]. The first
approach has proven effective because power saturation becomes less
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prominent with increased Yb** concentration. It should be noted that reduced
saturation may come at the cost of energy-migration-induced luminescence
quenching [58]. To deactivate Yb>* excited states, incorporating plasmonic
structure into lanthanide-doped perovskites could be an effective strategy
because plasmon-photon interaction enlarges the electromagnetic local den-
sity of states via the Purcell effect, greatly enhancing spontaneous emission
rate [59]. Considering that plasmonic structures can introduce nonradiative
decay channels, interactions between plasmons, excitons, and NIR photons
deserve further investigation in order to alleviate power saturation, while
retaining high quantum cutting efficiency [60]. The most straightforward
method to suppress nonradiative cross-relaxation is to change the energy
gap between the *Fs ,» and halide-to-metal charge-transfer states of Yb**. Non-
radiative resonance energy transfer from the host to pre-excited Yb** ions is
likely inefficient due to a spectral mismatch.

3 Optoelectronic applications
3.1 Solar photovoltaics

Thermalization losses have placed severe constraints on the conversion effi-
ciency of single-junction solar photovoltaics. Although above-band-gap ener-
gies can be utilized in tandem or multi-junction photovoltaics, construction
of these photovoltaics requires current matching, interface engineering, and
additional hardware, inevitably increasing manufacturing costs. An alternative
is to integrate single-junction solar modules with down-shifting materials that
are capable of efficiently converting above-band-edge photons into near-band-
edge photons. By virtue of all-optical wavelength conversion, the complex
fabrication of integrated solar photovoltaics can be effectively circumvented.

Owing to their high conversion efficiency, quantum cutters hold promise
in enhancing solar power conversion efficiency. Theoretical calculations show
that the integration of an ideal photovoltaic module with an ideal quantum
cutter can achieve 40% conversion efficiency [61]. Among those reported
quantum cutters, Yb>*-doped perovskites are characterized by large blue/UV
absorption cross-sections and high NIR emission efficiencies, making them
particularly suitable as photon converters in combating thermalization losses.
Additionally, quantum cutting in Yb**-doped perovskites is an intrinsic phe-
nomenon [43], suggesting that these materials can be prepared in the form
of either nanocrystals or single-crystal thin-films for ease of integration.

The first proof-of-concept fabrication was demonstrated by directly
depositing Yb>*- and Ce3+-codoped CsPbCl, sBr; 5 nanocrystals on the surface
of commercial single-crystal silicon solar cells [35]. When irradiated under
simulated AM1.5G sunlight with a 400-nm short-pass filter, the photoelectric
conversion efficiency (PCE) increased from 18.1% to 21.5% after integration
with a 230-nm-thick down converter (Fig. 14). Similar enhancement in PCE
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FIG. 14 (A) Schematic of crystalline-silicon solar cells integrated with a quantum-cutting film
comprising Yb**-doped perovskites. (B) I-V curves of silicon solar cells coated with perovskite
films of different thicknesses, recorded at a scan speed of 0.1 Vs~'. (C) IPCE curves of integrated
silicon solar cells. (D) PCE of integrated silicon solar cells. Adapted with permission from
D. Zhou, D. Liu, G. Pan, X. Chen, D. Li, W. Xu, X. Bai, H. Song, Cerium and ytterbium codoped
halide perovskite quantum dots: a novel and efficient downconverter for improving the perfor-
mance of silicon solar cells, Adv. Mater. 29 (2017) 1704149, 10.1002/adma.201704149 © 2017
John Wiley and Sons.

was observed in Culn,_,Ga,Se, (CIGS) solar cells in combination with
CsPbCIBr, nanocrystals doped with Yb**, Pr**, and Ce" ions [41]. Practical
demonstration on mobile phone charging showed that the use of integrated
solar cells shortened full charging by 30min. These studies suggest a positive
correlation between the quantum yields of quantum cutters and the PCE of
solar photovoltaics.

Apart from lab-based demonstration, the practical performance of quan-
tum cutter-paired solar cells can be predicted by theoretical modeling with
realistic parameters such as actual hourly incident solar photon flux [62,63].
The modeling allows the identification of key factors determining the perfor-
mance of integrated photovoltaic devices. These factors include the UV/blue
absorption capacity of a given quantum cutter, quantum cutting efficiency,
optical coupling between the quantum cutter and photovoltaics, and
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FIG. 15 (A) Detailed balance PCE of a Si heterojunction solar cell paired with a perfect quan-
tum cutter. The star indicates a PCE of 32.2% achieved using a CsPb(Cl;_Bry);:Yb quantum
cutter with an optimized bandgap. (B) Absorption and photoluminescence spectra of an ideal
quantum-cutting layer and a CsPb(Cly 1¢Bro.g4)3 layer. The dashed curve denotes the EQE of the
Si heterojunction solar cell. Adapted with permission from M.J. Crane, D.M. Kroupa, D.R. Game-
lin, Detailed-balance analysis of Yb>* :CsPb(Cl,.Br.); quantum-cutting layers for high-efficiency
photovoltaics under real-world conditions, Energ. Environ. Sci. 12 (2019) 2486-2495, 10.1039/
c9ee01493d © 2019 Royal Society of Chemistry.

reflection/absorption losses. Simulations show that Yb>*-doped perovskites can
substantially improve the performance of solar cells based on Si heterojunction,
CIGS, and multi-crystalline-Si [62]. When coupled to CsPb(Cly 16Br¢ .84)3, the Si
heterojunction yields the largest enhancement in PCE. The experimental absorp-
tion and photoluminescence spectra of CsPb(Cly 16Brg g4)3 quantum cutters are
close to those of an ideal quantum cutting layer (Fig. 15). The subtle interplays
between the quantum cutting yield, the quantum cutter-photovoltaic optical cou-
pling, and the bandgaps of quantum cutters and photovoltaic materials largely
determine ultimate device performance. A customized design of Yb**-doped
quantum cutters is required for specific photovoltaic solar cells to maximize
device performance. It is worth mentioning that the power saturation of quan-
tum cutting at realistic conditions should be less prominent because the photon
flux of sunlight is less than AM1.5G. Simulations show that efficiency gain
can still be achieved at different geographic locations under different spectral
irradiances.



18 Handbook on the Physics and Chemistry of Rare Earths

For device integration, the relative position between the quantum cutting
layer and the solar cell module also affects device performance [63]. For
example, incorporation of quantum-cutting layer between glass and encapsu-
lation layer enables a power gain of 16.3% for silicon heterojunction modules,
which is higher than achievable by directly placing the quantum cutting layer
onto modules (Fig. 16). The power gain is mainly attributed to absorption of
UV/blue photons by the quantum cutting layer without encapsulant interfer-
ence. Given the isotropic nature of down-converted emission, the performance
of integrated solar cells could be further enhanced by directing converted
photons toward photovoltaic materials.

3.2 Luminescent solar concentrators (LSCs)

The basic working principle of LSCs involves light harvesting over a large
area, photon conversion into emission, and confining of emitted photons into
a small output area through internal reflections (Fig. 17) [64]. To optimize
LSCs performance, four essential criteria must be met (i) large absorption
cross-sections of luminescent materials, (ii) high photon conversion effi-
ciency, (iii) minimal energy loss due to reabsorption, and (iv) high trapping
efficiency of the waveguide. Conventional LSCs adopt organic dyes and col-
loidal quantum dots as luminophores [65,66]. However, further enhancement
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FIG. 16 Schematics of the relative position between a quantum-cutting layer and a solar cell.
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FIG. 17 Working principle of a luminescent solar concentrator.
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in internal optical efficiencies of these LSCs is significantly limited by the
reabsorption loss of emitted photons because these luminophores feature
small Stokes shifts.

Recent studies demonstrate that prototype LSCs based on perovskite nano-
crystals offer high absorption cross-sections, high quantum yields, and large
Stokes shifts up to 1.5eV [67]. Lanthanide incorporation can further expand
the luminescence spectrum, enhance quantum yield, and enlarge the Stokes
shift of perovskites, making them compelling for LSCs application [32]. In
particular, Yb**-doped perovskites excel in both quantum yield (~170%)
and Stokes shift (~2.05eV) [39], promising as LSCs for NIR emission. For
example, by embedding Yb**-doped CsPbCls nanocrystals into a poly(methyl
methacrylate) matrix, the fabricated LSC achieved an internal optical effi-
ciency of 118%, twofold higher than that of LSCs comprising Mn**-doped
quantum dots [68]. Notably, external optical efficiency exceeded 10% by
increasing the solar absorbance of CsPbCl,Br;_, nanocrystals via composi-
tion engineering. The most intriguing feature was that the performance of
large-scale LSC devices retained over 100 cm2, attributable to near-zero
self-absorption loss of emitted NIR photons.

Another study demonstrated that codoping of CsPbCl;:Mn** nanocrystals
with Yb®* ions enhances the operation performance of LSC devices
(Fig. 18) [47]. For a CsPbCl3:Mn/Yb-based LSC at a G-factor of 3.0, internal
and external optical efficiencies increased 3.1- and 2.1-fold, respectively,
compared with CsPbCl;:Mn-based LSCs. A monolithic bilayer LSC contain-
ing a top-layer of CsPb(Cly,5Brg75)3:Yb nanocrystals and a bottom-layer of
CulnS,/ZnS nanocrystals achieved a 19% performance enhancement com-
pared with CulnS,/ZnS-based LSCs [69]. These emerging LSCs could boost
photon-to-electricity conversion for many types of solar cells.

3.3 Light-emitting diodes

Emission modulation through lanthanide doping has opened another avenue
toward perovskite-based light-emitting diodes. This was exemplified in
Nd**/Cl™-codoped CsPbBr; nanocrystals in which dual doping enhanced
excitonic emission with a spectral peak of 478 nm [70]. Despite the decrease
in quantum Yyield from 97% in solution to 55% in the solid state, these
Nd**/Cl™-codoped CsPbBr5; nanocrystals enabled the fabrication of blue LEDs
with 2.7% external quantum efficiency, a substantial enhancement compared
with CsPbBrz-based blue LEDs (0.07%) [71]. In addition to increasing
host-exciton emission, incorporation of Ce**-Mn** pairs into CsPbCl, gBr »
nanocrystals could generate blue, green, and red emission, making them suit-
able for white LEDs (Fig. 19) [72]. By way of illustration, color modulation
of Sm**-doped CsPbCl; nanocrystals was achieved by varying the Sm’*
doping concentration that changed the luminescence ratio between exciton
emission and host-sensitized Sm>* emission [49]. Integration of a CsPbCls:



20 Handbook on the Physics and Chemistry of Rare Earths

100 Sim. Mn/Yb-LSC Sim. Mn/Yb-LSC
® Exp. Mn/Yb-LSC 124 ® Exp. Mn/Yb-LSC
80 § Sim. Mn-LSC Sim. Mn-LSC
i § Exp. Mn-LSC § i Exp. Mn-LSC
3 601 s & ¥ ¢
S < @
< 401 < 61
20 31
0 T T T 0 T : :
0 1 10 100 0 1 10 100
G Factor G Factor

FIG. 18 (A and B) Photographs of a CsPbCl;:Mn/Yb-based LSC upon 365-nm illumination,
taken by a digital camera and a NIR camera (equipped with an 800-nm long-pass filter), respec-
tively. (C) Photograph of the bent LSC upon 365-nm illumination, taken by a digital camera.
(D and E) Internal optical efficiency (1;,) and external optical efficiency (o) of CsPbCl;:Mn-
and CsPbCl;:Mn/Yb-based LSCs under sunlight illumination, respectively. Adapted with permis-
sion from T. Cai, J. Wang, W. Li, K. Hills-Kimball, H. Yang, Y. Nagaoka, Y. Yuan, R. Zia,
0. Chen, M?*1YV’* codoped CsPbCl; perovskite nanocrystals with triple-wavelength emission
for luminescent solar concentrators, Adv. Sci. 7 (2020) 2001317, 10.1002/advs.202001317 ©
2020 John Wiley and Sons.

Sm-based luminescent layer with charge carrier transport layers afforded
white LEDs with CIE chromaticity coordinates of (0.32, 0.31) and a high
color rendering index of 93.

Lanthanide-doped perovskites are useful in enhancing the responsivity of
silicon photodetectors to UV radiation [73]. They can also boost the perfor-
mance of photonic devices in 1.5-pm telecommunication wavelength [45],
while monitoring temperature changes over a wide range with high sensitivity
[74]. These emerging perovskite nanocrystals may find potential applications
in bioimaging if their toxicity and stability issues can be resolved.
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FIG. 19 Photoluminescence spectra of CsPbCl; gBr;»:Mn(9.1%)/Ce(2.7%) phosphor powder.
Inset 1 is a photograph of the phosphor powder with polystyrene, and inset 2 is a photograph of
the fabricated WLED operated at 3.0 V. Adapted with permission from G. Pan, X. Bai, W. Xu,
X. Chen, D. Zhou, J. Zhu, H. Shao, Y. Zhai, B. Dong, L. Xu, H. Song, Impurity ions codoped
cesium lead halide perovskite nanocrystals with bright white light emission toward
ultraviolet-white light-emitting diode, ACS Appl. Mater. Interfaces 10 (2018) 39040-39048,
10.1021/acsami.8b14275 © 2018 American Chemical Society.

4 Outlook

The interplay between perovskite hosts and lanthanide dopants empowers
their hybrid composites with tunable luminescence profiles, increased quan-
tum yields, and enhanced chemical stability for a broad range of applications,
particularly in optoelectronics. Despite rapid progress, several challenges need
to be addressed before device design proceeds. The first challenge is the
mechanistic understanding of host sensitization. Previous literature suggests
that nonradiative resonance energy transfer from the perovskite hosts to lan-
thanide ions occurs through a dipole-dipole coupling or an electron exchange
mechanism. Consequently, the rate of energy transfer largely depends on the
distance and spectral overlap between the hosts and dopants. However, exper-
imental evidence in semiconducting CdSe and ZnS nanoparticles shows that
the relative location of lanthanide energy levels with reference to host conduc-
tion and valence band edges can better predict nanocrystal optical properties
than the spectral overlap [75]. This suggests a charge-trapping-mediated sen-
sitization mechanism, which contradicts with the Forster or Dexter mecha-
nism proposed in lanthanide-doped perovskite materials. Additionally, DFT
calculation on CsPbBry:Ln®* materials reveals that electrons at occupied
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4f levels can be excited to host conduction bands upon irradiation, result-
ing in donor-like ionization [34]. The coexistence of ionization transition
and band-edge transition may complicate the analysis of photophysical
dynamics.

The second challenge is to unravel quantum cutting mechanisms.
Although spectroscopic characterization suggests that doping-induced shallow
traps are responsible for extraction of excitonic energy and its concurrent
transfer to two Yb>" ions, DFT calculations show that Pb>* vacancies are most
likely formed upon lanthanide doping and do not introduce shallow impurity
states under the conduction band minimum of perovskite hosts. As such, iden-
tification of structural imperfection in both bulk and nanocrystalline materials
deserves further research effort [76]. Identification of higher-lying excited
states of Yb>* in perovskite materials is also required to validate Auger-type
cross-relaxation between host excitons and Yb'' in its 2F5/2 excited state
[52]. Moreover, instead of simulations, photovoltaics and luminescent solar
concentrators involving lanthanide-based quantum cutters must benchmark
with commercial systems.

Another challenge that hinders the practical application of lanthanide-
doped perovskites lies in their low resistance against heat, moisture, and
photoirradiation. Laboratory tests on the long-term stability of CsPbCIBr,:
Ce/Yb/Pr nanocrystal-based solar cells showed that the perovskite nanocrys-
tals decomposed after 60-day under ambient conditions, resulting in an abrupt
drop in PCE [41]. Surface passivation and encapsulation may enhance the sta-
bility of perovskite nanocrystals [77,78]. Zero-dimensional Cs,PbXs (X=CIl",
Br—, or I") perovskites featuring high thermal and chemical stabilities could
be used as alternative sensitizers [79]. For example, the outdoor lifetime of
Cs4PbBrg-based solar concentrators was predicted to last over 7 months under
30mW/cm? light exposure [80]. However, high levels of toxicity remain a
concern for their widespread applications. The most straightforward solution
is to replace lead with less toxic or nontoxic elements. Successful incorpora-
tion of lanthanide ions into lead-free inorganic halide perovskites has been
extensively demonstrated [81-85]. Moreover, uneven distributions of lantha-
nide ions in lead-free double perovskites allow cross relaxation between
Ln>** ions to be controlled, enriching emission colors [86]. However, these
lead-free perovskites exhibit much lower photoluminescence quantum yields
than lead-containing perovskites.
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