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The trivalent lanthanide (Ln3+) family has long been utilized for optical applications such as in 

lasing materials, lighting, and fiber optics. Their electronic structure is dominated by coulombic 

interactions and spin-orbit-split valence 4f states that have a minimal dependence on the ligand 

field environment. As a result, these 4f states are nearly the same energy between coordination in 

crystalline materials and as free ions. Yb3+ has one f-f transition, 2F5/2 → 2F7/2, energetically well-

matched to the bandgap of crystalline silicon making it a desirable phosphor for solar spectral 

shifting, a method of redistributing solar irradiance to a more desirable energetic regime. 

Furthermore, Yb3+ demonstrates the ability to participate in quantum cutting, a unique 

photophysical process in which high energy photons are converted into multiple lower-energy 

photons. While this process has been demonstrated numerous times in bulk morphologies using 

other lanthanides, transition metals, or dyes as sensitizers, it had not yet been demonstrated to 

occur from broadband sensitization originating from a semiconducting material until 2017 when 

Yb3+:CsPbCl3 was shown to have a  host-sensitized photoluminescent quantum yield (PLQY) 



over 100%. The sensitization of this quantum cutting process is proposed to be facilitated by a 

defect formed upon doping in which two Yb3+ substitute with lattice Pb2+ adjacent to a charge-

compensating Pb2+ vacancy. This defect motif results in a shallow, observable, state that rapidly 

localizes photoexcitation energy and cooperatively excites the two adjacent Yb3+ luminophores. 

Upon anion exchange to from the large bandgap chloride to the smaller bandgap bromide, the 

high quantum yields are maintained until the bandgap is smaller than twice the energy of the 

2F7/2 → 2F5/2 transition, the energy threshold at which quantum cutting is energetically possible. 

Further reduction of the bandgap precipitously decreases the Yb3+ PLQY to nearly 0% verifying 

the proposed cooperative excitation scheme. This process occurs in the same manner irrespective 

of the surface area-to-volume ratio of the host CsPbX3 (X = Cl, Cl/Br) material implicating its 

potential use in bulk morphologies as optically-coupled layers for solar spectral shifting on solar 

cells and in nano morphologies as phosphors in solar concentrators.
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Chapter 1 Quantum Cutting in Yb3+-Doped 

Cesium Lead Halide Perovskites 
 

1.1 Introduction & Motivation 

Recent advances in the preparation of lanthanide (Ln3+)-doped CsPb(Cl1-xBrx)3 have spurred a new 

and exciting field exploring the photophysics that result in the perovskite host and lanthanide 

dopant. The trivalent lanthanide (Ln3+) family is a family of phosphors that have unique optical 

properties governed by their valence 4f orbitals. These orbitals are highly contracted and 

experience shielding from the filled 5s and 5p orbitals which cause the energetic placement of the 

4f state electronic configurations to be determined by coulombic interactions and spin orbit 

coupling significantly more than ligand field strength and coordination environment. As a result, 

Ln3+ 4f electronic structure is nearly the same between coordination in a crystalline lattice and as 

a free ion. These f electronic states for each lanthanide have been arranged into a succinct diagram 

known as the Dieke Diagram.1 Excitation into excited state f states can constitute a significant 

challenge owing to parity forbidden nature of the f-f transitions. Thus, oscillator strengths of f-f 

transitions are generally on the order of 10-6.2-4 This requires high-powered direct excitation at a 

specific wavelength for f-f excitation. However, a sensitizer with a broad absorption range and/or 

large absorption coefficient (e.g. a molecular dye) along with a well-matched electronic transition 

with sufficient spectral overalap to the lanthanide absorption can be used to drive energy transfer 

(via FRET) to excited f states. 
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Figure 1.1 Sensitized Quantum Cutting via Yb3+ and Benefit for Solar Energy 

Harvesting.  

(A) Generalized quantum cutting scheme showing the excitation of two Yb3+ 

activators via energy transfer from the excited state of the sensitizer. (B) External 

quantum efficiency curves of CIGS, silicon heterojunction, and monocrystalline 

silicon solar cells shown with Yb3+ emission and sensitizer CsPbX3 (X = Cl/Br) 

host absorption. (C) Expected power conversion efficiencies from the detailed 

balance analysis with respect to the PV bandgap with quantum cutting from Yb3+. 

The dotted black line is the band gap of silicon. Panels B and C are reprinted with 

permission from ref. 9. Copyright 2019 The Royal Society of Chemistry. 

 

The most well-known f-f transition of the Ln3+ family is the 2F5/2 → 2F7/2 transition of Yb3+. As 

a result of it being the only f-f transition of Yb3+, excitation into this state will result in an emitted 

photon from this transition with high fidelity. Furthermore, Yb3+ has been demonstrated to 

participate in a unique photophysical phenomenon called quantum cutting (QC) in which the 

absorption of a high energy photon yields more than one emitted photon.5-7 A generalized scheme 

of this process is shown in Figure 1.1A. The energy of the f-f transition (Ef-f) is centered at 

approximately 1.25 eV making it a near-infrared (NIR) transition. This energy is well-matched to 

the 1.12 eV bandgap of crystalline silicon (c-Si). Concordantly, its solar-sensitized emission is 
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highly desirable for spectral shifting in photovoltaic (PV) application.1 Figure 1.1B shows the 

emission of Yb3+ overlayed with the external quantum efficiency of different PV materials with 

respect to energy. Photons delivered to the PV at this energy yield the greatest probability are 

energy harvesting. The beneficial effect of this process that can be realized is shown in Figure 

1.1C in which the recalculated detailed balance of equations, shown as theoretical power 

conversion efficiency (PCE), is plotted using PVs utilizing QC Yb3+ with respect to the PV band 

gap energy and QC efficiency. As the QC process becomes more efficient, the theoretical 

maximum efficiency not only increases from the Shockley-Queisser limit of ~33% to ~40% but 

the bandgap energy at the maximum efficiency also closely aligns with the bandgap energy of 

silicon.8-9 The primary benefit motivating this research is that a technology like this makes Si solar 

cells, the most commercially available and used PV technology, competitive with the most 

efficient, but costly, commercial technologies in tandem and multijunction solar cells. A high level 

overview of the origin of broad-band sensitized quantum cutting in Yb3+:CsPb(Cl1-xBrx)3 and the 

progress made towards devices that utilize this phenomenon is provided.  

1.2 Sensitization of Quantum Cutting Yb3+ 

1.2.1 Host Materials & Efficiency 

Early attempts to sensitize Yb3+ using a sensitizer with a broad absorption cross section include 

Yb3+, Pr3+:NaYF4 microcrystals with coumarin dyes, Yb3+:CdSe, and Yb3+:Na(In1-xPbx)S2.
10-12 

However, the PLQYs were still lower than what could be impactful for device application.  

In 2017 and 2018, Song and coworkers reported Yb3+, Ce3+:CsPbCl1.5Br1.5 and Yb3+:CsPbCl3 

nanocrystals (NCs) which yielded 119% and 120% Yb3+ PLQY, respectively. These outstanding 

quantum yields were shown to be sensitized by broadband absorption from the host perovskite 

lattice using photoluminescence excitation (PLE) spectroscopy. Quantum yields above 100% are 

a signature of the unique QC process. CsPbX3 (X = Cl, Br) NCs are an ideal host for Ln3+ owing 

to their large absorption cross section, facile bandgap tunability, defect tolerance, and octahedral 

coordination at the dopant site.13 Of further note is the fact that Yb3+ is aliovalent in the Pb2+ sites 

of which it is proposed to be substituting into. This was among the first reports of aliovalent doping 

in lead halide perovskite nanocrystals. Representative absorption and PL of Yb3+:CsPbX3 (X = 

Cl/Br) is shown in Figure 1.1B.  
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Table 1.1. Quantum cutting Yb3+-doped perovskite materials sorted by publication date. 

Material Morphology Yb
3+

 PLQY Reference 

Yb
3+

, Ce
3+

:CsPbCl1.5Br1.5 Nanocrystals 119% Song14 

Yb
3+

:CsPbCl3 Nanocrystals 143% Song15 

Yb
3+

:CsPbCl3 Nanocrystals 170% Gamelin16 

Yb
3+

:CsPb(Cl0.35Br0.65)3 
Solution- 

Deposited Films 
193% Gamelin17 

Yb
3+

:CsPbCl3 Nanocrystals 120% Yu18 

Yb
3+

:CsPbCl3 Nanocrystals 130% Gamelin19 

Yb
3+

:CsPb(Cl0.5Br0.5)3 

Thermally-

evaporated Thin 

Films 

183% Gamelin20 

Yb
3+

:CsPbCl3 Nanocrystals 175% Gamelin21 

Yb
3+

:CsPbCl3 Nanocrystals 164% Wu22 

Yb
3+

:CsPb(Cl1-xBrx)3 Nanocrystals ~200% Gamelin23 

Yb
3+

, Pr
3+

, Ce
3+

:CsPbClBr2 Nanocrystals 160% Song24 

Yb
3+

, Mn
2+

:CsPbCl3 Nanocrystals 103% Chen25 

Cr
3+

, Yb
3+

, Ce
3+

:CsPbCl3 Nanocrystals 175% Song26 

Yb
3+

:CsPbCl3 Layered Films 130% Miyaska27 

Yb
3+

:CsPbCl3 Nanocrystals 150%  Hens28 

Yb
3+

, Er
3+

:CsPb(Cl0.6Br0.4)3 Nanocrystals 129%  Mao29 

Yb
3+

, Er
3+

:CsPb(Cl0.6Br0.4)3 Nanocrystals 129%  Mao29 

Yb3+:CsPbCl3 Nanocrystals 110% Li, Chen, Chen30 

Yb3+:CsPbCl3 Nanocrystals 127% Zhu31 

Yb3+:CsPbCl3 Nanocrystals 130% Weiss32 
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Since the report of these materials, numerous works have been reported in which quantum 

yields over 100% have been observed. These results, and the morphologies they were synthesized 

in, are shown in Table 1.1. A significant result implicit in these observations is the fact that QC is 

observed in bulk morphologies beyond nanomaterials. Thus, QC in Yb3+:CsPbX3 is a process 

inherent to the material allowing for broad application in various morphologies. 

1.2.2 Sensitization Schemes 

The energy gap between Yb3+ emission, centered at 1.26 eV (980 nm), and the host CsPbCl3 

emission, centered at 3.05 eV (410 nm) in NCs, is substantial. In order to maintain Yb3+ quantum 

cutting, the bandgap of the host must be larger than twice the 2F7/2 → 2F5/2 absorption (2xEf-f). 

Thus, the bandgap of the host material must be > 2.5 eV (490 nm), the quantum cutting energy 

threshold (QCET). Sensitization is proposed to occur in a variety of mechanisms. Song and 

coworkers have proposed a stepwise excitation mechanism, shown in Figure 1.2A, in which 

absorbed photoexcitation energy decays to a deep trap state and subsequently excites a Yb3+ ion 

through nonradiative energy transfer. Decay from the deep trap state then excites another Yb3+.15 

Gamelin and coworkers have proposed a cooperative mechanism, shown in Figure 1.2B, in which 

a shallow, Yb3+-induced trap state captures photoexcitation energy and excites a Yb3+ dimer.16 

Others have proposed a mechanism involving a transient redox reaction in which a Yb3+-induced 

electron trap state facilitates a charge transfer to Yb3+ reducing it to Yb2+ and subsequent oxidation 

allows for excitation of a coupled Yb3+ dimer. This process is shown schematically in Figure 

1.2C.28 The CT band of Yb3+-Cl- is  >3.5 eV making excitation from induced trap to CT impossible 

without the energy of a second photon and dark process limiting its PLQY to 100% in the most 

ideal scenarios.21, 33-35 A variety of other mechanisms involving other co-doped lanthanides with 

Yb3+ have been proposed.14, 24 However, QC is observed with solely Yb3+-doped materials 

implying sensitization of Yb3+ occurs by a scheme outlined in Figure 1.2. 
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Figure 1.2 Proposed Quantum Cutting Sensitization Schemes.  

(A) Step-wise excitation utilizing a native, deep trap in the perovskite electronic 

structure. Reprinted with permission from ref. 15. Copyright 2018 American 

Chemical Society. (B) Cooperative excitation of two Yb3+ directly from a shallow 

trap in the perovskite. Reprinted from ref. 16. Copyright 2018 American Chemical 

Society. (C) Cooperative excitation of two Yb3+ utilizing a shallow defect state in 

the perovskite host facilitating a charge transfer to reduce Yb3+ to Yb2+ followed by 

cooperative excitation of two Yb3+. Reprinted with permission from ref. 28. 

Copyright 2020 American Chemical Society. 

 

1.2.3 Shallow Defect State 

Spectroscopic signatures of a state involved in sensitizing Yb3+ PL have been reported. One 

way to probe the existence and location of an Ln3+-induced state in the host perovskite is to dope 

the material with a chemically similar, but spectroscopically-innocent, dopant. This type of dopant 

lacks interfering excited state transitions. In Watanabe et al. La3+ serves as the spectroscopically-

innocent dopant in CsPbCl3 single crystals. At cryogenic temperatures, a shallow and broad 

induced state forms in the doped sample but not in the undoped CsPbCl3. However, above 80 K 

the doped and undoped samples are virtually identical.36 The induced, near-band-edge (NBE) 

emission is recreated in nanocrystals of La3+:CsPbCl3 as shown in Figure 1.3A.16 In both cases 

these data suggest that Ln3+ doping induces a shallow trap state consistent with the mechanism 

outlined in Figure 1.2A. The same effect is observed using other innocent RE3+ dopants such as 

Y3+, La3+, Gd3+, and Lu3+ in the bromide which is shown in Figure 1.3B. The same induced state 

manifests in the chloride as well.37 DFT calculations on Yb3+:CsPbCl3 provide further 

confirmation that the induced defect is shallow and sensitization occurs via the cooperative 

excitation mechanism in Figure 1.2B.37 
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Figure 1.3 Shallow, Dopant-Induced Defect PL 

(A) Low temperature PL of CsPbCl3 and La3+:CsPbCl3 NCs. Reprinted with 

permission from ref. 16. Copyright 2018 American Chemical Society. (B) Low 

temperature PL of CsPbBr3 and RE3+:CsPbBr3 NCs (RE = Y, La, Ce, Gd, Er, Lu). 

Reprinted with permission from ref. 37. Copyright 2022 American Chemical 

Society. 

 

Another striking piece of data that confirms the existence of a shallow defect being necessary 

for sensitization (i.e. being a cooperative excitation mechanism) is the anion exchange of these 

materials to decrease the bandgap while monitoring the Yb3+ emission with respect to the bandgap 

energy. Halide alloying is a well-known method to predictably tune the bandgap between the blue 

and red ends of the visible spectrum.38-41 Figure 1.4A shows the systematic change in the 

absorption and photoluminescence of Yb3+:CsPb(Cl1-xBrx)3 NCs during anion exchange from the 

large gap chloride to the smaller gap bromide. In-situ monitoring of the Yb3+ emission at a constant 

excitation rate of the host lattice yields a constant Yb3+ PLQY above 100% until the bandgap 

reaches the QCET (485 nm, ~2.55 eV) at which point the Yb3+ emission rapidly drops off to nearly 

0 in the full bromide. Furthermore, anion exchanging back to the chloride yields a quantum yield 

nearly 200%, the thermodynamic limit of the quantum cutting process in this material.23 Figure 

1.4B plots the Yb3+ quantum yield as a function of the bandgap during the chloride-to-bromide 
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and subsequent bromide-to-chloride anion exchange reactions. If the stepwise sensitization 

mechanism, Figure 1.2A, were the primary mechanism then the Yb3+ emission should not be 

expected to go to nearly zero unless the state after anion exchange is no longer present. However, 

after going back to the larger gap chloride the recovery of the Yb3+ PLQY shows the state remains 

during the anion exchange. Further observation of this state remaining during anion exchange is 

shown in Figure 1.4C in which spectroscopically innocent Gd3+ is doped into the chloride and 

subsequently anion exchanged to a mixed chloride/bromide and full bromide. At low temperature, 

the defect state is maintained at nearly the same energy below the band edge at all the compositions 

probed meaning the anion exchange does not perturb the nature of the dopant-induced state. As a 

result of the electronic structure of the host perovskite being antibonding Pb2+ 6s – X- np in the 

valence band and non-bonding Pb2+ 6p in the conduction band, halide anion exchange primarily 

shifts the valence band.  Thus, the nature of the defect state must be an electron trap shallow to the 

conduction band. 

 

 

Figure 1.4 Chloride-to-Bromide Anion Exchange in Ln3+:CsPb(Cl1-xBrx)3 

NCs. 
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(A) Absorption and PL spectra monitored in-situ after adding TMS-Br to 

Yb3+:CsPb(Cl1-xBrx)3 nanocrystals. Adapted with permission from ref. 23. 

Copyright 2019 American Chemical Society. (B) Yb3+ quantum yield as a function 

of the host bandgap for a representative reaction from panel A.  Reprinted with 

permission from ref. 23. Copyright 2019 American Chemical Society. (C) 14 K 

CW spectra of 8% Gd3+:CsPb(Cl1-xBrx)3 NCs varying x. Reprinted with permission 

from ref. 37. Copyright 2022 American Chemical Society. 

 

1.2.4 Charge Compensating Defect Motif 

Given the octahedral coordination of the Pb2+ ion in CsPbX3, Ln3+ most likely substitute for 

Pb2+. X-ray characterization of the coordination of Yb3+ confirm this.42 Thus, Ln3+ acts as an 

aliovalent dopant in the lead halide perovskites. To maintain charge neutrality, the excess charge 

must be compensated. In similar systems such as Gd3+:CsCdBr3 and Gd3+:CsMgX3 (X = Cl, Br) it 

has been reported by McPherson and coworkers that the predominant doping motif is the 

cooperative doping of two Ln3+ coupled with a charge-balancing M2+ vacancy (VM(II)) between the 

dopants. This conclusion was established using EPR spectroscopy.43-44 The doping motif of 

Gd3+:CsCdBr3 is shown in Figure 1.5A. Despite some minor dissimilarities between the crystal 

structures, a similar doping motif is assumed to happen in the lead halide perovskites. In this 

scenario, a pair of Ln3+ dopants cooperatively substitute in Pb2+ sites with an adjacent VPb. It was 

also found that the doping concentration of Yb3+ was generally correlated with the amount of Cs+ 

added ruling out the possibility of VCs cooperatively doping with Yb3+ as a primary defect motif.16 

While structural characterization using x-ray spectroscopy is still lacking, calculations probing 

various defect formation energies in perovskite materials have been reported. Figure 1.5B shows 

the resulting energy level from specific defects in CsPbBr3 from first-principles calculations. It is 

known that the formation energy of the vacancy defects have the lowest formation energy of the 

numerous point defects that can form in perovskite materials. The VPb defect is expected to 

manifest within ~0.2 eV of the valence band.45-49  Li et al. studies the electronic structure and 

formation energies of specific types of Yb3+-VPb-Yb3+ motifs and also find similarly low formation 

energies of VPb pinning the induced state near the band gap. This leads to the conclusion that Yb3+ 

sensitization happens primarily via the cooperative mechanism.37 
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Figure 1.5 Induced Defect Motif. 

(A) The “McPherson Pair” motif demonstrated using Gd3+:CsCdBr3. A charge-

compensating Cd2+ vacancy (VCd) is always found between two neighboring Gd3+ 

dopants. Reprinted with permission from ref. 44. Copyright 1977 American 

Physical Society. (B) Energy level diagrams detailing specific induced states from 

various structural defects in CsPbBr3. Reprinted with permission from ref. 48. 

Copyright 2017 American Chemical Society. (C) Probability distribution of various 

Yb3+ doping motifs involving VPb with respect to the doping concentration of (top) 

Yb3+ and the (bottom) [Cs]:[Pb] ratio. Reprinted with permission from ref. 51. 

Copyright 2022 American Physical Society. 

 

Figure 1.5C describes the distribution of nearest cation neighbor Yb3+ with respect to an 

induced VPb in geometrically-optimized Yb3+:CsPbCl3 using Monte Carlo simulations. The 

probabilities of being found in different doping motifs involving one or two Yb3+ substituting for 

Pb2+ with a VPb is plotted with respect to the Yb3+ doping concentration. The probability of forming 

isolated Yb3+ rapidly decreases as the doping level increases while the probability of finding Yb3+ 

in a dissociated dimer (one Yb3+ is not next nearest cation neighbor, nnn, to VPb but is still within 

the 10 Å bohr radius of dexter type energy transfer) or local dimer (both Yb3+ is nn to VPb) increase. 

At relevant doping concentrations, >6% Yb3+, there is >90% probability of finding Yb3+ in any 
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sort of dimer, dissociated or local. Thus, the proposed Yb3+-VPb-Yb3+ motif forming the observed 

shallow defect state is a plausible hypothesis for the sensitization of Yb3+. 

 

1.3 Exciton to Defect to Ytterbium Dynamics 

The nature of this induced state has resulted in the outstanding quantum yields observed for 

Yb3+ sensitized luminescence. For one, quantum yields in the chlorides are often times limited to 

~20% for excitonic emission due to efficient trapping to native defects such as dangling bonds. In 

CsPbBr3, hot carrier trapping in native or intentionally added hot carrier traps occurs on a 

picosecond timescale.50 Ergo, to observe quantum cutting with the efficiencies reported in Table 

1.1, trapping to the dopant-induced defect state must happen on a time scale competitive with 1-

10 ps. Equation 1.1 can be used to extract an approximate value for the rate constant of energy 

transfer from the exciton to the induced state, kET, needed to yield 200% quantum yields. 

Φ𝑁𝐼𝑅 =  Φ𝐸𝑇 ∗ Φ𝑄𝐶 ∗ (2 ∗ Φ𝑌𝑏) =
𝑛𝑘𝐸𝑇

𝑛𝑘𝐸𝑇+𝑘𝑛𝑟+𝑘𝑒𝑥𝑐𝑖𝑡𝑜𝑛
∗ Φ𝑄𝐶 ∗ (2 ∗ Φ𝑌𝑏)          (1.1) 

Φ𝑁𝐼𝑅, Φ𝐸𝑇 , Φ𝑄𝐶 , Φ𝑌𝑏 represent the quantum efficiencies of the observed NIR PL, exciton-to-

induced-defect energy transfer, defect-to-Yb3+ energy transfer, and the internal quantum efficiency 

of a single Yb3+ phosphor, respectively. kET, knr, and kexciton represent the rate constants for exciton-

to-defect energy transfer, non-radiative decay, and exciton radiative decay, respectively. Assuming 

100% PLQY after energy transfer from the exciton, 200% observed PLQY in the NIR, knr = 1x1012 

s-1, and kexciton = 1x109 s-1 as approximate rate constants, Φ𝑁𝐼𝑅 is shown as a function of varying 

kET in Figure 1.6A. To observe quantum yields above 100% from the NIR, kET must be at on the 

order of at least 1x1012
 s

-1 or greater (i.e. faster than 1 ps). The assumption that Φ𝑄𝐶 is unity is 

validated by Milstein et al. in which no shallow defect emission is observed at any temperature 

(13 to 296 K) in Yb3+:CsPbCl3 NCs indicating energy transfer rate from the induced defect state 

to the adjacent Yb3+ is much greater than the radiative rate.16 Φ𝑌𝑏 is assumed to be unity due to its 

monoexponential decay.16, 33 Despite the fast energy transfer on the order of 100s fs, excitonic 

emission is still observed which was attributed to be the result of a small n in eq. 1.1.16 
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Figure 1.6 Exciton, Yb3+, and NBE Dynamics. 

(A) Effect of kET on the observed NIR PLQY, Φ𝑁𝐼𝑅, of Yb3+:CsPbCl3. (B) TA 

bleach recovery dynamics with fits of the exciton of Yb3+:CsPb1-xCl3. Black: 

undoped, red to purple: 1.3% to 6.0% Yb3+. (C) Scatterplot showing the average 

amplitude of the time constants as a function of the doping concentration. Red: 300 

fs, 2.0 ps, and 8.4 ps; Blue: slowest component (~5 ns). Panels B and C are reprinted 

from ref 16. Copyright 2018 American Chemical Society. (D) Temperature-

dependent Yb3+ PL rise times and (E) scatterplot showing the rise times with 

respect to temperature. Panels D and E are reprinted with permission from ref. 33. 

Copyright 2020 American Physical Society. (F) Scatterplot showing the decay 

lifetimes and amplitudes from the induced, near band-edge state in Gd3+:CsPbBr3 

NCs (filled: fast component; open: slow component). Reprinted with permission 

from ref. 37. Copyright 2022 American Chemical Society. 

 

This observation is observed in the ultrafast transient absorption (TA) data of Yb3+:CsPbCl3 

nanocrystals, shown in Figure 1.6B. These data show Yb3+-induced depopulation of the exciton 

state occurs with an instrument-limited lifetime of ~300 fs. Other time constants of 2.0 and 8.4 ps 

are also observed. The average amplitude of these time constants, shown in Figure 1.6C, is 

observed to increase in amplitude as the concentration of Yb3+ is increased in the lattice.16 The 

amplitude of the 300 ps time component matches the same trend as the steady-state branching ratio 

of the Yb3+ PL. Thus, nonradiative energy transfer to the induced defect state occurs at a rate 

commensurate to the trapping rate inherent to the host perovskite which yields the efficient systems 

reported; this process is exacerbated by Yb3+ doping.  

At all temperatures, the Yb3+-induced defect emission is not observed making it difficult to 

probe directly probe the state.16 However, in conjunction with the TA data, rise time of the Yb3+ 
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emission and doping with spectroscopically innocent dopants can provide an indirect way to 

understand the defect. Figures 1.6D-6E show the temperature-dependent rise times for Yb3+: 

CsPbCl3 NCs reported in Roh et al. The emission rise times are as long as 40 ns at 5 K and 10 ns 

at 296 K. Similar results are also reported for Bridgmann-grown single crystals.33 Given the 

disparity in time between ~300 fs depopulation of the exciton and 10 ns for Yb3+ excitation, there 

must be an intermediate state in the sensitization of Yb3+. Figure 1.6F shows the time-resolved 

decay times and amplitudes from biexponential fitting from the induced defect state in 

Gd3+:CsPbBr3 at various temperatures from 14 to 296 K. Interestingly, it is observed to be on the 

order of 10 ns through the entire temperature range. This would agree well with the results from 

Roh et al. Since this state is not observed in Yb3+-doped samples at any temperature, it implies 

that this state can transfer energy to Yb3+ with high fidelity, considering PLQYs of doped samples 

approach the thermodynamic limit in many samples. 

1.4 Solar Applications Involving Yb3+ 

1.4.1 Optically-Coupled QC Layer on Si PVs 

The most efficient PV technologies available are tandem and multi-junction solar cells which 

utilize materials with progressively larger bandgaps stacked on top allowing the voltages to add in 

series. This reduces thermalization losses and has resulted in efficiencies above 30% making them 

the most efficient devices available.51-52 However, due to the long fabrication process requiring 

high purity epitaxial crystal growth and multiple charge extraction/surface passivation layers, these 

devices come at a significant cost of approximately $4-5/W which is an order of magnitude more 

expensive than energy from Si solar cells.51  

 

Figure 1.7 Solar Energy Harvesting and Quantum Cutting Energy Efficiency 

(A) Solar spectral irradiance showing the fraction of the energy available to Si PVs 

(green) overlayed with the fraction of solar energy available to Si PVs utilizing 
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spectral shifting. Reprinted with permission from ref. 57. Copyright 2006 Elsevier. 

(B) Energy efficiency of c-Si solar cells and the quantum cutting phenomenon (left) 

overlayed with the Yb3+:CsPb(Cl0.25Br0.75)3 absorption/PL, and AM1.5 solar 

spectrum (right). (solid black: theoretical QCEE; circles: experimentally-derived 

QCEE from anion exchange; dashed black: theoretical c-Si PV energy efficiency). 

Reprinted from ref. 23. Copyright 2019 American Chemical Society. 

 

 A simpler method for higher efficiency PV devices is to use solar spectral shifting, namely 

quantum cutting. The excess of energy from the high energy end of the visible spectrum is 

available for quantum cutting to the NIR bandgap of Si and CIGS.1, 8, 12, 53-54 Figure 1.7A shows 

the solar irradiance with respect wavelength for what is available to Si PVs and Si PVs that utilize 

spectral shifting. Upconsverion is another way to uptake more solar energy but is beyond the scope 

of this chapter. In an ideal scenario, an extra ~25% of solar irradiance could be harnessed by Si 

PVs using downconversion technology.55 The favorable energetic matching of the 2F5/2 → 2F7/2 

transition of Yb3+ with the bandgap of c-Si (Figure 1.1B) makes it the ideal candidate as a 

phosphor in this process.1, 54 The energy efficiency of c-Si solar cells overlayed with the solar 

spectrum (AM1.5G) and Yb3+:CsPb(Cl0.75Br0.25)3 absorption, PL, and quantum cutting energy 

efficiency is shown in Figure 1.7B. The energy efficiency, 𝜂𝑒𝑓𝑓,  is defined as  

𝜂𝑒𝑓𝑓 =
𝐸𝑔

𝐸𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡
                                                    (1.2) 

in which Eincident is the energy of an incident photon and Eg is the bandgap of the material. As the 

energy of the incident photon increases, more of the energy is lost as thermalization. Thus, to avoid 

significant energy loss, quantum cutting from the high energy regime of the solar spectrum is a 

way to optimize the energy being harvested. The quantum cutting energy efficiency (QCEE) is 

𝜂𝑄𝐶𝐸𝐸 =
𝐸𝑃𝐿

𝐸𝑎𝑏𝑠
ΦNIR                                                  (1.3) 

in which EPL is the PL energy of Yb3+
 and Eabs is the band gap of the host perovskite. The quantum 

efficiency of Yb3+ is assumed to be 100%. The QCEE maximizes when the bandgap of the host 

CsPb(Cl1-xBrx)3 is 2xEf-f in which x ≈ 0.75.  
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Figure 1.8 Applications of Quantum Cutting Perovskites 

(A) Diagram of an optically-coupled QC layer deposited directly onto a PV device. 

In standard photovoltaics, one absorbed photon results in one photogenerated 

electron-hole pair than can be extracted. In a quantum cutting device, one high-

energy absorbed photon results in two photogenerated electron-hole pairs that can 

be extracted. (B) Theoretical change in the power conversion efficiency (PCE) of a 

silicon heterojunction cell (SHJ) with respect to Φ𝑁𝐼𝑅 as a function of the increasing 

bromide content (decreasing band gap) of the host perovskite. Panels A and B are 

reprinted with permission from ref. 9. Copyright 2019 The Royal Society of 

Chemistry. (C) Measured PCEs of c-Si solar cells with different variations of 

CsPb1-a-bYbaCeb(Cl1-xBrx)3 NCs deposited on the surface. Reprinted with 

permission with ref. 14. Copyright 2017 Wiley. (D) Monolithic bilayer LSC with a 

QC perovskite and broadly absorbing layer underneath. (E) Absorption and PL of 

Yb3+:CsPb(Cl1-xBrx)3 and CuInS2/ZnS NC phosphors overlayed with Si PV EQE 

and the AM1.5 solar spectrum. (F) Bilayer LSC device modeling of the theoretical 

maximum flux gain relative to x (bromide alloying content) and the geometric gain. 

Panels D-F are reprinted with permission from ref.19. Copyright 2019 The Royal 

Society of Chemistry. 

 

The results of Table 1.1 show that Yb3+ sensitization also occurs in bulk morphologies. 

Solution-deposited films, flash-sublimated thin films, and single crystals have all been observed 

to sensitize Yb3+.17, 20, 27, 33, 56 The flash-sublimated thin films provide the greatest utility for solar 

applications owing to their remarkable optical quality and uniformity after deposition. In Crane et 

al. the authors demonstrate the ability to flash sublimate quantum cutting Yb3+:CsPb(Cl1-xBrx)3 

thin films on to glass substrate and achieve optical densities as high as 2 with negligible sub-band-
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gap scattering.20 Recalculating the detailed balance for the efficiency of specific solar cells, it is 

found that PCE boosts in silicon heterojunction (SHJs) and CIGS PVs can go beyond a 5% increase 

from the uncoated PVs in the most ideal scenario with Yb3+:CsPb(Cl0.25Br0.75)3. Even 100% PLQY 

can yield a ~2% gain in efficiency. Figure 1.8B plots these theoretical efficiency boost of a SHJ 

solar cell with respect to the perovskite bromide content (ie. the bandgap), x, and the QC PLQY. 

Other significant advantages when coupling the QC perovskite with a silicon PV occur: 1)  The 

ability to texture both ends of the PV allowing for greater probability of photon absorption, 2) 

Using silicon heterojunction cells which are optimized for NIR absorption, and 3) simple, low-

cost design. In tandem cells, the high cost of the materials came from the crystal growth steps and 

reagent costs.51 Meanwhile, fabrication of Si-based PVs are commercially standardized and have 

the ability to be printed at significant rates with low cost (<$0.50 W-1).57 

Deposition of a QC Yb3+:CsPb(Cl1-xBrx)3 layer on small PV modules has been reported to yield 

a PCE gain upwards of 3.5%.14, 24 Figure 1.8C shows the appreciable gain in EQE from Si PV 

modules before and after a QC layer of Cs(Pb1-a-bYbaCeb)(Cl1-xBrx)3 is deposited on the surface 

through a simple solvent evaporation method. Furthermore, Song and coworkers show the EQE 

curves of the PVs exhibit an increase in efficiency at wavelengths of irradiation corresponding to 

the absorption the perovskite.14, 24 While these results are an encouraging start, further 

improvement of the deposition technique and optical coupling are required to get optimal 

performance. 

1.4.2 Luminescent Solar Concentrators (LSCs) 

LSCs are an exciting next-generation technology that utilize a phosphor (i.e. molecular dye or 

nanocrystals) with a large Stokes Shift embedded in a transparent polymer matrix to capture solar 

energy. Emitted light is waveguided to solar cells lining the edges and are used to generate a 

current.58 Yb3+:CsPb(Cl1-xBrx)3 (x < 0.75) is an ideal candidate due to the high quantum yields and 

zero reabsorption loss. The authors of Luo et al. design a small scale 25 cm2 LSC embedded with 

an internal quantum efficiency of 118% and external quantum efficiency (EQE) of 3.8%. Further 

modeling shows that with a 200% QY sample of Yb3+:CsPb(Cl1-xBrx)3 that absorbs >7% of solar 

photons could yield an EQE in excess of 10% in a 100 cm2 device making them among the most 

efficient devices possible.22, 59 The corresponding flux gain (FG), a ratio of converted photons with 

an LSC-PV device to a bare PV device with the same solar flux, ends up being comparable to other 
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reported LSCs of similar sizes.22 However, in Cohen et al. the authors find that parasitic NIR 

absorption from C-H bonds drastically reduces the efficiency of such devices, and a polymer 

matrix without C-H bonds is necessary to realize the maximum efficiency. However, options to 

use fluorinated polymers or a glassy matrix could suffice.19, 60-61 

At the ideal bandgap for the highest QCEE, only 8% of all usable solar photons is being 

absorbed and waveguided. Having an embedded material like Yb3+:CsPb(Cl1-xBrx)3 NCs is ideal 

for LSCs that also function as windows because there is minimal visible absorption, however, the 

device itself yields a poor flux gain for larger sizes. In devices where solar concentration is 

paramount and the degree of tinting is irrelevant, a broadly absorbing material with a large stokes 

shift is also required. Ideally, this material would be in a separate layer below the quantum cutting 

layer to ensure the highest energy photons result in quantum cutting while the rest of the rest of 

the yield of the solar spectrum is waveguided. A monolithic bilayer LSC with Yb3+:CsPb(Cl1-

xBrx)3 NCs as the quantum cutting layer and CuInS2/ZnS NCs as the broadly absorbing layer below 

has been envisioned.19 A diagram of this device is shown in Figure 1.8D. The absorption and PL 

of these materials overlayed with Si PV EQE and AM1.5 solar spectrum are shown in Figure 

1.8E. Both these phosphors have minimal reabsorption losses and broad absorption cross sections 

allowing for most of the visible spectrum to be captured. The theoretical 2D flux gain of an LSC 

of this type with respect to the increase in its area is shown in Figure 1.8F. The incorporation of 

the broadly-absorbing layer significantly increases the amount of sunlight that can be concentrated. 

The overall FG of this device is 63 for a device of 70 x 70 x70 cm3 which corresponds to a 19% 

enhancement of performance compared to champion CuInS2 LSC technology of the same 

volume.19, 62 This comes at the cost of decreased visible transmittance which may limit its 

widespread applicability as solar windows. However, they can function as ideal solar windows for 

greenhouses where the red end of the solar spectrum, most efficiently taken up by plants, is not 

absorbed.  

1.4.3 Saturation Effects 

Saturation of Yb3+ emission in the perovskite lattice can occur.16-17 The behavior is due to the 

large absorption cross section of the perovskite and the long emission lifetime of Yb3+. It is 

proposed that exciting the nanocrystal before the Yb3+ population have decayed to the ground state 

results in excitation to a charge transfer transition of Yb3+-X-. This effect can be negated by 
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accessing higher effective doping concentration regimes >6% Yb3+.21 Currently, the intensity from 

one sun of excitation on Yb3+:CsPb(Cl1-xBrx)3 would result in ~20% and ~40% loss of Yb3+ 

emission for x = 0 and 0.75, respectively.21  Thus, the ability to overcome the saturation effect is 

of paramount importance for designing devices with optimal efficiency. 

1.5 Outlook 

The broad-band sensitization of Yb3+ emission via the defect motif required for charge 

compensation from aliovalent doping is, from a fundamental standpoint, a remarkable 

phenomenon. However, detailed structural characterization of the defect motif and luminescence 

from directly-excited Yb3+-Yb3+ dimers are still key data sets yet to be reported. These data would 

provide foundational evidence in addition to what has already been reported supporting the 

proposed cooperative excitation mechanism. Understanding this excitation mechanism catalyzes 

the research from an application standpoint in the development of more efficient phosphors. The 

potential for broader application is what will drive further innovation for QC PV devices. Optimum 

optical coupling and efficient/scalable deposition techniques that are not deleterious to the NIR 

PLQY are all necessary engineering advancements for these devices that are required to realize 

the theoretical boosts in PV PCEs reported. 
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Chapter 2 Picosecond Quantum Cutting in 

Ytterbium-Doped CsPbCl3 Nanocrystals 
 

 

Reprinted with permission from Milstein, T. J.; Kroupa, D. M.; Gamelin, D. R. Picosecond 

Quantum Cutting Generates Photoluminescence Quantum Yields Over 100% in Ytterbium-Doped 

CsPbCl3 Nanocrystals. Nano Lett. 2018, 18, 3792-3799. Copyright 2022 American Chemical 

Society. 

 

Abstract. Recent advances in ytterbium doping of CsPbX3 (X = Cl, Cl/Br) nanocrystals have 

opened exciting new opportunities for their application as downconverters in solar energy 

conversion technologies. Here, we describe a hot-injection synthesis of Yb3+:CsPbCl3 nanocrystals 

that reproducibly yields sensitized Yb3+ 2F5/2 → 2F7/2 luminescence with near-infrared 

photoluminescence quantum yields (PLQYs) well over 100% and near-zero excitonic 

luminescence. Near-infrared PLQYs of 170% have been measured. Through a combination of 

synthesis, variable-temperature photoluminescence spectroscopy, and transient-absorption and 

time-resolved photoluminescence spectroscopies, we show that the formation of shallow Yb3+-

induced defects play a critical role in facilitating a picosecond nonradiative energy-transfer process 

that de-excites the photoexcited nanocrystal and simultaneously excites two Yb3+ dopant ions, i.e., 

quantum cutting. Energy transfer is very efficient at all temperatures between 5 K and room 

temperature, but only grows more efficient as the temperature is elevated in this range. Our results 

provide insights into the microscopic mechanism behind the extremely efficient sensitization of 

Yb3+ luminescence in CsPbX3 nanocrystals, with ramifications for future applications of high-

efficiency spectral-conversion nanomaterials in solar technologies. 
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2.1 Introduction 

All-inorganic, metal-halide perovskite CsPbX3 (X = Cl, Br, I) nanocrystals (NCs) have been 

the subject of intense recent research due to their high photoluminescence quantum yields (PLQY), 

narrow emission bandwidths, broadband absorption, and band-gap tunability throughout the 

ultraviolet (UV), visible, and near-infrared (NIR) spectrum via size control (quantum size effects) 

and compositional alloying.1-3 These properties have made perovskite NCs attractive materials for 

optoelectronic applications such as LEDs, lasing, displays, solar cells, and photodetectors.4-6 The 

incorporation of impurity ions, or doping, in metal-halide perovskite NCs also imparts interesting 

optical properties. For example, substitutional B-site doping of CsPbCl3 NCs with manganese ions 

(Mn2+) gives rise to a broad, red-shifted emission band centered around 600 nm,7-9 resulting from 

NC sensitization of internal Mn2+ d-d emission. Very recently, successful doping of various 

trivalent lanthanide ions (or rare earths, RE) into colloidal perovskite NCs of CsPbCl3 and 

CsPbCl3-xBrx has been reported.10-11 These materials display the rich, efficient, and inherently 

narrow luminescence features of the lanthanides sensitized by the perovskite NCs, and have 

enabled promising proof-of-principle demonstration of downconversion approaches to efficient 

solid-state lighting and solar photovoltaics. 

Several publications have highlighted the attractiveness of Yb3+ as a luminescence activator 

for applications in solar spectral shifting and luminescent solar concentration.10, 12-15 Yb3+ has a 

simple electronic structure involving a single 2F5/2 excited-state multiplet centered ~1.3 eV above 

the 2F7/2 ground state. This energy difference matches the bandgap of silicon (1.1 eV) well. 

Whereas extensive work has been done on Yb3+ doping of colloidal NaYF4, LaF3, and related 

insulator NCs, most intermediate- or narrow-gap colloidal semiconductor NCs possess soft anions 

that have low affinity for Yb3+, and many possess tetrahedral cation sites that also disfavor Yb3+ 

incorporation. Sensitized NIR emission has been reported for colloidal Yb3+-doped CdSe, NaInS2, 

and PbInS4 NCs, but the resulting NIR PLQYs were relatively small (<~10%), limiting practical 

applications.14, 16 The successful synthesis of Yb3+-doped CsPbCl3 NCs thus addresses a long-

standing challenge in nanocrystal chemistry. Remarkably, not only did this work demonstrate 

sensitization of Yb3+ luminescence by the NCs, but it also described NIR PLQYs that exceeded 

100%, attributed to quantum cutting. Yb3+ is a well-known activator for quantum cutting in bulk 

crystals, where the process is generally achieved via co-doping with other lanthanides such as Nd3+ 

or Pr3+.12, 17-18 Very little is known about the structural or photophysical properties of Yb3+ dopants 
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in perovskite NCs, however. Here, we apply a combination of synthesis and spectroscopic methods 

to examine the microscopic energy-transfer mechanism responsible for PLQYs > 100% in 

Yb3+:CsPbCl3 NCs. Comparisons between Yb3+ and Mn2+ luminescence activators in perovskite 

nanocrystals are also discussed. 

 

2.2 Physical Characterization 

In our hands, synthesis of Yb3+:CsPbCl3 NCs following the methods described in refs 10-11 

was met with some difficulties associated with poor precursor solubility (particularly 

YbCl3•6H2O). We have therefore developed a hot-injection synthesis of colloidal CsPbCl3 and 

Yb3+:CsPbCl3 NCs following the approach we previously introduced19 for making Cs2AgBiX6 (X 

= Cl, Br) NCs, in which metal-acetate salts and chlorotrimethylsilane serve as the cation and halide 

precursors, respectively (see 2.7 for complete synthetic details). This synthetic route is attractive 

in part because of the high solubilities of the acetate precursors in high-boiling-point organic 

solvents, compared to less-soluble chloride salts used in other popular syntheses.19-21 Figure 2.1 

summarizes general characterization data collected for representative undoped CsPbCl3 NCs and 

(6%) Yb3+-doped CsPbCl3 NCs. The transmission electron microscopy (TEM) images in Figures 

2.1A,B show cubic crystallites with average edge lengths of approximately 13 and 16 nm for the 

undoped and Yb3+-doped CsPbCl3 NCs, respectively. Figure 2.1C shows X-ray diffraction (XRD) 

data collected from both samples, consistent with the perovskite crystal structure without 

detectable crystalline impurities. Negligible shifts of the XRD reflections are observed with Yb3+ 

doping, even at high Yb3+ concentrations. Figures 2.1D,E show representative room-temperature 

absorption and steady-state PL spectra of undoped and Yb3+-doped CsPbCl3 NCs, respectively. 

The absorption spectra of both samples show similar onsets and peak positions. The PL spectrum 

of the undoped CsPbCl3 NCs shows strong luminescence at 410 nm, corresponding to band-edge 

excitonic emission. In contrast, the PL spectrum of the Yb3+:CsPbCl3 NCs shows very little band-

edge luminescence but intense NIR PL centered at 990 nm, corresponding to the 2F5/2 → 2F7/2 f-f 

emission of Yb3+. The average lifetime of this Yb3+ emission is over 2 ms (Appendix 2.5), 

approaching its radiative limit and suggesting little nonradiative quenching of the emissive excited 

state. These data demonstrate successful synthesis of high-quality Yb3+:CsPbCl3 NCs. 
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Figure 2.1 Physical characterization of Yb3+:CsPbCl3 nanocrystals. 

(A,B) TEM and (C) XRD data for undoped d = 13 nm CsPbCl3 NCs (red) and d = 

16 nm 6.0% Yb3+:CsPbCl3 NCs (blue). The dark spots in the TEM images result 

from in situ Pb2+ reduction by the electron beam, as commonly observed in CsPbX3 

NCs.22 (D,E) Absorbance (dashed lines) and PL (solid lines) spectra of the same 

NCs. Yb3+ concentrations are defined as [Yb3+]/([Yb3+] + [Pb2+]), measured 

analytically on the purified NCs by ICP-AES. 

 

2.3 Yb3+ PL Efficiency 

To probe the effect of increasing the Yb3+ doping level, we performed a series of reactions 

under fixed conditions, varying only the nominal [Yb3+]:[Pb2+] precursor ratio in the reaction 

mixture. We do not observe any appreciable changes in the CsPbCl3 NC absorption spectrum with 

increasing Yb3+ concentration (Appendix 2.19), but both Yb3+ incorporation and Yb3+ 

luminescence intensity appear to increase with increasing Yb3+ precursor concentrations before 

peaking at a nominal [Yb3+]:[Pb2+] ratio of ~0.8 under these conditions, and then decrease again 

when this ratio is increased further (Figure 2.2A and Appendix 2.4). Upon analysis, we find a 

general trend of increasing NIR luminescence with increasing Yb3+ incorporation across the entire 

series, with some scatter. Figure 2.2B plots the excitonic and Yb3+ 2F5/2 → 2F7/2 absolute PLQYs 

measured using an integrating sphere vs the analytical Yb3+ concentration in the NCs. Excitonic 

PLQYs of the undoped samples are ~20% and decrease sharply to <1% upon increasing the Yb3+ 

concentration to just ~0.7% (see Appendix 2.12). Conversely, the Yb3+ 2F5/2 → 2F7/2 PLQYs 
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increase roughly in proportion to the analytical doping concentration of Yb3+, rising from 10 to 

130% for 0.2 and 7.4% Yb3+, respectively. At the highest Yb3+ doping level, we measure absolute 

PLQYs well above 100%, confirming this observation in recent reports.11 The Cs+ concentration 

in the reaction mixture was also found to affect both Yb3+ incorporation and the resulting NC 

optical properties (Appendix 2.5). Figure 2.2B includes additional excitonic and Yb3+ 2F5/2 → 

2F7/2 PLQY data points obtained from reactions varying the nominal Cs+ concentration, and these 

data follow the same trend lines as those obtained with [Yb3+] as the reaction variable, suggesting 

that the final Yb3+ concentration primarily dictates the resulting spectral properties. 

 

 

  

Figure 2.2 Quantum-cutting PL efficiency. 

(A) Room-temperature PL spectra of colloidal CsPbCl3 NCs (red) and 

Yb3+:CsPbCl3 NCs with analytical (nominal [Yb3+]:[Pb2+]) Yb3+concentrations of 

2.3% (0.1, orange), 3.0% (0.2, yellow), 4.3% (0.4, green), 5.9% (1.5, blue), and 
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7.4% (0.8, purple), all prepared with a fixed nominal ratio of [Cs+]:[Pb2+] = 1.2 in 

the reaction vessel. Yb3+ concentrations are defined as [Yb3+]/([Yb3+] + [Pb2+]), 

measured analytically on the purified NCs by ICP-AES. (B) Exciton (open) and 

NIR (closed) PLQYs plotted as a function of Yb3+ concentration. λex = 375 nm, CW 

excitation rate, N0 = 369 sec-1. The green data are from reactions without the 

addition of Yb3+ (undoped NCs). The blue data are from reactions varying the 

nominal Yb3+ concentrations at a fixed ratio of [Cs+]:[Pb2+] = 1.4. The red data are 

from additional reactions varying the nominal Cs+ concentrations at a fixed ratio of 

[Yb3+]:[Pb2+] = 0.2. The data represented as triangles are from a reaction at the 

highest nominal [Cs+]:[Pb2+], where a mixture of CsPbCl3 and Cs4PbCl6 crystal 

phases are detected by XRD. (C) NIR PLQYs of a sample of 5.2% Yb3+-doped 

CsPbCl3 NCs plotted as a function of per-NC photoexcitation rate, tuned by varying 

the CW photoexcitation power at λex = 380 nm. The experimental NIR PLQY 

reaches 170% at its highest value. 

 

Importantly, the PLQYs of these NCs are somewhat power dependent, showing saturation 

effects even at relatively low excitation powers. Figure 2.2C plots the NIR PLQY for 5.2% Yb3+-

doped CsPbCl3 NCs as a function of NC excitation rate. The PLQY increases from 110% up to 

170% upon reducing the excitation rate by a factor of ~17. PL saturation occurs at these relatively 

low excitation rates because of the combination of the very large absorption cross-sections of the 

CsPbCl3 NCs (σ = 4.2 x10-14 cm2 at 380 nm) with the long Yb3+ PL decay time (τavg > 2 ms). This 

PL saturation reflects the introduction of a new non-radiative relaxation mechanism that only 

occurs upon photoexcitation of already excited NCs. The PLQY of 170% measured here is the 

highest for any colloidal NC to date and is very close to the theoretical maximum of 200% for such 

a visible-to-NIR quantum cutting process involving Yb3+. 

Figure 2.3A plots steady-state PL spectra of 7.4% Yb3+:CsPbCl3 NCs measured at several 

temperatures from 5 to 265 K. The excitonic PL is much weaker than the Yb3+ PL, but it is 

magnified here (12x) for clarity. At 5 K, the NIR region of the PL spectrum shows several resolved 

features characteristic of crystal-field splittings in the Yb3+ 2F5/2 → 2F7/2 emission. Increasing the 

temperature broadens these features, but the integrated intensities do not drop. Instead, whereas 

the excitonic PL intensity decreases rapidly as the temperature increases, the NIR Yb3+ 2F5/2 → 

2F7/2 PL intensity only increases with increasing temperature. The onset temperature for this 

increase is ~50 K, possibly associated with thermal excitation of vibrations. Figure 2.3B 

summarizes this temperature dependence by plotting the integrated excitonic and Yb3+ 2F5/2 → 

2F7/2 PL intensities vs temperature. The NIR emission intensity actually triples upon increasing 

temperature from 5 to 265 K. The absorbance of these Yb3+:CsPbCl3 NCs at the excitation 
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wavelength changes by <10% over this temperature range (Appendix 2.17). The integrated NIR 

PL is thus 10-200 times more intense than the excitonic PL at all temperatures. Overall, these data 

show efficient Yb3+ sensitization even at 5 K, and indicate that some aspect of the sensitization is 

thermally assisted. Importantly, these data show no evidence of thermally activated nonradiative 

decay of the luminescent Yb3+ excited state.  

 

 

Figure 2.3 Variable temperature Yb3+:CsPbCl3 nanocrystal PL. 

(A) Variable-temperature photoluminescence spectra of d = 16 nm 7.4% 

Yb3+:CsPbCl3 NCs, measured from 5 (light blue) to 280 K (pink). (B) Integrated 

NIR and excitonic PL intensities plotted vs temperature. The excitonic PL intensity 

is plotted both on same scale (closed circles) and on a magnified scale (open circles, 

x550) as the NIR PL. 

 

2.4 Dynamics 

To probe the origins of this extremely efficient sensitized NIR luminescence in these 

Yb3+:CsPbCl3 NCs, we applied time-resolved spectroscopic techniques. Figure 2.4 compares 

room-temperature excitonic PL-decay and transient-absorption (TA) exciton-bleach-recovery 
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dynamics measured for a series of Yb3+:CsPbCl3 NCs with Yb3+ content ranging from 0 – 6%. The 

time-resolved PL (TRPL) data (Figure 2.4A) are limited at short times by an approximately 280 

ps instrument response time, but at longer times these data show nearly monoexponential decay 

with a time constant of ~6 ns, associated with radiative decay of the exciton (𝜏𝑟𝑎𝑑). The PL 

intensity of the slow component as a function of time [IS(t)] can be fit by a monoexponential decay 

function at delay times, t, between 5 and 15 ns, defined by 

𝐼S(𝑡) = 𝐴exp[− 𝑡 𝜏⁄ ]                (2.1) 

where A denotes the fitting amplitude and 𝜏 denotes the time constant. The amplitude of this slow 

decay component obtained from fitting the normalized PL decay curves is plotted vs Yb3+ 

concentration in Figure 2.4B. This amplitude decreases with increasing Yb3+ concentration, 

indicating a reduction in slow exciton PL with increasing Yb3+ doping. To obtain the amplitude of 

all fast PL decay (including decay that occurs faster than the instrument response time), we 

subtracted the slow component's amplitude from the normalized amplitude (= 1) at t = 0. The fast 

amplitudes are also plotted in Figure 2.4B. For comparison, Figure 2.4B further plots the ratio of 

steady-state NIR PL intensity to total PL intensity at each Yb3+ concentration: [I(NIR)/I(total)]. 

The fraction of fast PL decay roughly tracks this ratio at larger Yb3+ concentrations, but the data 

show that most of the effect of Yb3+ occurs faster than the instrument response (280 ps). These 

data thus suggest that Yb3+ excitation is associated with very rapid exciton depopulation. 



29 
 

 

Figure 2.4 Room-temperature exciton dynamics of Yb3+:CsPbCl3 NCs. 

(A) Room-temperature TRPL decay traces for undoped (black trace) and Yb3+-

doped (red to purple) CsPbCl3 NCs. The instrument response function (IRF) is also 

plotted (grey). The IRF curve is shifted downward by 10-3 for clarity of the 

logarithmic presentation. (B) Fast and slow PL decay amplitudes (red) and PL 

intensity ratio (blue) plotted vs analytical Yb3+ concentration. (C) First-exciton-

bleach-recovery kinetics measured at room temperature. Inset: Representative 

absorption and transient-absorption spectra at the CsPbCl3 NC absorption edge, 

showing the negative first-exciton bleach signal. (D) Fast (red) and slow (blue) TA 

amplitudes plotted vs analytical Yb3+ concentration.  

 

TA data for the same series of Yb3+:CsPbCl3 NCs exhibit qualitatively similar trends but 

provide more information about short-time dynamics. TA spectra of these samples are all 

dominated by a bleach of the lowest-energy exciton transition, attributable to band-edge state 

filling upon photoexcitation (Figure 2.4C, see Appendix). Figure 2.4C summarizes the excited-

state dynamics for the various NC samples shown in Figure 2.4A, plotting TA amplitudes 

averaged over the full-width-at-half-maximum of this band-edge bleach feature vs time. These TA 

kinetics were fit using the kinetic model described by Wu et al. for CsPbBr3 NCs (sum of 
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exponentials weighted by their respective carrier contribution to the band-edge bleach signal; 

model details in the SI).23 The fitting results agree well with those in ref. 23 for the undoped NCs, 

and we modified the model to account for additional Yb3+-based processes in the doped NCs. Like 

in the TRPL, the amplitude of the slow component associated with radiative recombination (ns 

time constants) systematically decreases with increasing Yb3+ content (Figure 2.4D), suggesting 

the introduction of new excited-state recombination pathways upon doping. Accordingly, two new 

fast-decay components (with sub-ps and ~10 ps time constants) appear upon introduction of Yb3+ 

and increase in amplitude with increasing Yb3+ content (Figure 2.4D). These results verify the 

conclusion drawn from the TRPL analysis that Yb3+ doping introduces fast components in the 

exciton relaxation dynamics. 

The dynamics and VTPL data allow analysis of the very high quantum yields in these samples. 

Taking the NIR PL quantum yield to be 

𝛷NIR PL =
𝑛𝑘ET

(𝑛𝑘ET+𝑘rad+𝑘tr)
∗ 𝛷Yb3+                (2.2) 

in which 𝛷Yb3+  represents the internal luminescence QY of the Yb3+ activators and ET, rad, and 

tr and denote energy transfer to Yb3+, radiative band-edge recombination, and carrier trapping, 

respectively. Increasing n (the number of optically active Yb3+ activators) results in a higher NIR 

PLQY as the branching ratio approaches unity. 𝛷Yb3+  itself is inherently large, as determined from 

the VTPL data in which the NIR emission shows no thermal quenching when the temperature is 

increased toward room temperature. Interestingly, despite the rapid and efficient energy transfer 

in combination with the fast carrier trapping, excitonic luminescence is still observed. We 

understand this to be the result of a small n (see Appendix 2.2 for details and discussion below). 

It is instructive to compare Yb3+ and Mn2+ as luminescence activators in perovskite NCs. 

Although both activator ions can have very high internal quantum efficiencies for luminescence, 

the highest PLQYs of the Yb3+:CsPbCl3 NCs (170%, Figure 2.2C) are almost three times as large 

as the highest PLQYs observed from Mn2+:CsPbCl3 NCs to date (up to 60%).7-9, 24 Furthermore, 

energy transfer from the NCs to Yb3+ is not suppressed at cryogenic temperatures, nor is it too 

slow to compete with exciton recombination despite the fact that exciton recombination accelerates 

to sub-nanosecond timescales at low temperatures. These characteristics contrast those of 

Mn2+:CsPbCl3 NCs, whose luminescence is completely dominated by excitonic emission at low 

temperatures because energy transfer to Mn2+ is too slow to compete with exciton recombination 

at these temperatures. Energy transfer to Mn2+ in CsPbCl3 NCs likely proceeds via a resonant 
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Dexter-type energy-transfer process involving the NC exciton and an upper ligand-field excited 

state of Mn2+ at the same energy.9 This energy matching along with the fact that Mn2+ experiences 

greater covalency with the surrounding lattice should give rise to much larger electronic coupling 

and hence greater Dexter energy-transfer rates compared to Yb3+, which has poor electronic 

coupling and no upper excited states at the energy of the CsPbCl3 exciton. Thus, if energy transfer 

to Yb3+ proceeded by an analogous Dexter-type mechanism, then it should be much slower, not 

much faster as observed. Energy transfer to Mn2+ occurs on the timescale of hundreds of 

picoseconds to nanoseconds, but energy transfer to Yb3+ appears to occur on the timescale of one 

picosecond. Indeed, exciton depopulation leading to Yb3+ sensitization is so fast that it is 

competitive with other fast carrier-trapping processes active even in undoped CsPbCl3 NCs, e.g., 

as illustrated from their TA kinetics (sub-ps and ~2 ps for the hole- and electron-trapping time 

constants, respectively). Such fast energy transfer to Yb3+ appears incommensurate with the known 

characteristics of Yb3+ as a luminescence activator. This inconsistency suggests that energy 

transfer to Yb3+ must occur via an alternative route, rather than via normal exciton-dopant Dexter-

type energy transfer.  

 

2.5 Sensitization via the Defect Motif 

We propose that the extremely fast exciton depopulation observed in these Yb3+:CsPbCl3 NCs, 

in conjunction with the correlation between Yb3+ doping and NIR PLQYs, implies the integral 

participation of lattice defects in the Yb3+ sensitization mechanism. Moreover, to achieve the 

extraordinary PLQYs of as high as ~170%, this sensitization mechanism must involve quantum 

cutting. To account for these considerations, we hypothesized that Yb3+ doping itself introduces 

correlated defects that rapidly localize excitation energy in the vicinity of the Yb3+ activators. 

Picosecond energy localization by such a defect would then be followed by energy transfer from 

that defect to a pair of neighboring Yb3+ ions, resulting in emission of two NIR photons, i.e., 

quantum cutting. This process would be manifested in eq 2 as multiplication of the branching ratio 

by a factor of 2. If this hypothesis is correct, such defects are likely associated with the aliovalent 

charge of Yb3+ in the CsPbCl3 lattice, which requires charge compensation.  

To test for such a dopant-induced lattice defect, we doped CsPbCl3 NCs with La3+ cations 

using the same methods employed to synthesize the Yb3+:CsPbCl3 NCs. La3+ is optically inert but 

still aliovalent, and it has the same charge-compensation requirements as Yb3+. Figure 2.5A shows 
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PL spectra of 1.3% La3+:CsPbCl3 NCs collected at 4.7 and 223 K. For comparison, Figure 2.5A 

also plots parallel data collected for undoped CsPbCl3 NCs. At 4.7 K, the La3+:CsPbCl3 NCs indeed 

show a prominent, broad PL feature indicative of shallow-trap emission. This feature peaks ~40 

meV below the excitonic PL of the undoped CsPbCl3 NCs. No other emission is observed from 

the La3+:CsPbCl3 NCs. A similar trap PL band has been reported for La3+:CsPbCl3 single crystals,25 

suggesting that this is an internal lattice defect not associated with the NC surfaces. This trap 

luminescence in these La3+:CsPbCl3 NCs is very bright below ~80 K, but increasing the 

temperature above ~80 K causes excitonic PL to grow in at the expense of the broad trap PL, and 

the overall PL decreases substantially (Appendix 2.20 for additional data). The trap PL is still 

observed at the highest temperature in this series (223 K), and it is also observed at room 

temperature. At cryogenic temperature, ~99% of this trap PL decays within ~300 ps, with the 

remaining ~1% decaying slower (Appendix 2.21). The observation of near-band-edge trap PL in 

the La3+:CsPbCl3 NCs provides strong support for the hypothesis of a shallow dopant-induced 

defect state introduced when trivalent cations are doped into CsPbCl3 NCs.  

 

Figure 2.5 Induced-defect state PL and dynamics. 

(A) Variable temperature PL of 1.3% La3+-doped (red) and undoped (black) 

CsPbCl3 NCs at 4.7 K (dashed) and 223 K (solid) under 375 nm excitation. (B) TA 

bleach recovery kinetics of undoped (black), 1.3% La3+-doped (red), and 1.3% 

Yb3+-doped (blue) CsPbCl3 NCs. 
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This conclusion is bolstered by TA studies of the La3+:CsPbCl3 NCs. Figure 2.5B shows TA 

bleach recovery kinetics measured for undoped, Yb3+-doped, and La3+-doped CsPbCl3 NC 

samples. Similar to the Yb3+:CsPbCl3 NC data, the La3+:CsPbCl3 NC kinetic trace is fit well using 

two additional fast bleach-recovery components (sub-ps and ~10 ps time constants) relative to the 

undoped CsPbCl3 NCs, suggesting that both trivalent dopants introduce similar trapping defects.  

The above information now allows a mechanism underlying the extremely efficient 

sensitization of NIR PL in Yb3+:CsPbCl3 NCs to be proposed. The data suggest that Yb3+ doping 

introduces a charge-compensating defect that acts as a shallow trap. This defect localizes excitation 

energy on the picosecond timescale. Charge compensation could be manifested as a cation vacancy 

(VCs or VPb) or loss of a surface oleylammonium ligand. Previous computational work 

characterizing possible common defects and their energies relative to the band edges in CsPbBr3 

has shown that VCs and VPb are both shallow traps,26 which would be consistent with the relatively 

small energy difference between excitonic and trap-induced defect PL seen in Figure 2.5. The 

energies of such traps relative to the band edges of CsPbCl3 are unknown, however, as is the 

influence of a neighboring trivalent cation on these energies. To be consistent with the observation 

of efficient quantum cutting, we propose that the relevant defect is a VPb within a charge-neutral 

M3+-VPb-M
3+ defect complex. In fact, an analogous charge-compensating motif is already well 

documented in CsCdBr3 and related halide lattices, where it is known as a "McPherson pair".27-28 

Although the crystal structure of those materials differs from the perovskite structure, an analogous 

defect complex appears reasonable here. Additionally, VPb rather than VCs formation is consistent 

with our experimental observation that the NIR PLQY actually increases with increasing nominal 

Cs+ concentration during synthesis, a condition that should disfavor VCs formation. Carrier capture 

by VPb within a Yb3+-VPb-Yb3+ defect complex localizes this defect excited state in close proximity 

to two Yb3+ cations simultaneously; this localization enables energy transfer to both Yb3+ ions in 

a cooperative quantum-cutting step. The La3+-induced defect emission exceeds only slightly the 

energy required for simultaneous excitation of both neighboring Yb3+ ions. This PL intensity is 

nearly zero at exactly twice the energy of the highest Yb3+ 2F5/2-
2F7/2 crystal-field absorption 

feature in this lattice (~2.56 eV), but this energy gap is easily bridged by a few lattice phonons. 

Importantly, because this defect state population decays within ~300 ps in the analogous 
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La3+:CsPbCl3 NCs, energy transfer from this state to Yb3+ must occur even faster than this, i.e., 

this quantum cutting occurs on a picosecond timescale. 

Scheme 2.1 summarizes these mechanistic conclusions. Scheme 2.1A illustrates the formation 

of a dopant-induced shallow defect level upon incorporation of trivalent impurity ions into the 

CsPbCl3 lattice. This new defect level is able to compete with native defects for capture of 

photogenerated carriers. It is proposed to be a charge-neutral M3+-VPb-M
3+ defect complex. When 

the trivalent dopant is spectroscopically innocent, such as La3+, formation of this defect is 

manifested as near-band-edge PL. Scheme 1b illustrates how this scenario changes when the 

trivalent defect is Yb3+. In this case, formation of the trapped excited state is followed by nearly 

resonant energy transfer to form two excited Yb3+ ions in a single, concerted, quantum-cutting 

step. Quantum cutting is aided by the fact that the proposed VPb defect is always in close proximity 

to two Yb3+ ions because of its role in their charge compensation. This proximity provides 

sufficient electronic coupling to both Yb3+ ions for efficient simultaneous excitation of both. As a 

shallow defect, VPb-localized photogenerated charge carriers will have a large Bohr radius, aiding 

electronic coupling to both Yb3+ ions simultaneously (Scheme 2.1C). This proposed mechanism 

differs from the one suggested previously to explain quantum cutting in Yb3+:CsPbCl3 NCs,11 

which involves decay of a band-edge photogenerated electron to a defect state coupled to excitation 

of a single Yb3+ ion, and subsequent electron decay from the defect state to the valence band 

releasing another quantum of energy to excite a second Yb3+ ion. Our data provide direct evidence 

for formation of a shallow dopant-induced defect state in these materials, and in the absence of 

any other detectable mid-gap states in these NCs, this result strongly suggests that sensitization 

occurs via simultaneous excitation of Yb3+ pairs as illustrated in Scheme 1b. We note that the 

integral role of a specific defect implied by Scheme 2.1 is consistent with the otherwise unusual 

observation that very high Yb3+ concentrations are needed to fully quench excitonic PL in these 

Yb3+:CsPbCl3 NCs, despite picosecond exciton depopulation kinetics. This apparent inconsistency 

is explained by the need for a specific Yb3+-VPb-Yb3+ defect complex to achieve not only quantum 

cutting, but Yb3+ sensitization at all. In the absence of such a well-positioned (energetically and 

spatially) defect, exciton-to-Yb3+ energy transfer is expected to be very slow (much slower than 

Mn2+) because of poor electronic coupling and a large energy mismatch. 
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Scheme 2.1. Sensitized quantum-cutting scheme and defect motif. Proposed 

(A) La3+-induced defect emission process, (B) Yb3+-sensitization mechanism 

involving an analogous Yb3+-induced defect state, and (C) the proposed 

charge-neutral vacancy-defect structure arising from doping CsPbCl3 NCs 

with trivalent cations. 

 

2.6 Conclusions 

In conclusion, high-quality Yb3+:CsPbCl3 NCs have been synthesized via a novel hot-injection 

route starting from the respective metal-acetate salts and halide precursors. These NCs show 

analytical Yb3+ concentrations as high as 7.5% and replicable PLQYs exceeding 100%, reaching 

as high as ~170%. These extremely high PLQYs are shown to result from picosecond energy 

capture by a Yb3+-induced defect that subsequently transfers its energy to two neighboring Yb3+ 

ions in a single cooperative step on the picosecond timescale. The above-unity quantum yields of 

these materials make them very promising for numerous photonic applications, from 

photodetection to solar energy conversion. The results presented here provide insights into the 

origins of this unique photophysical property, and further advance the development of Yb3+-doped 

perovskite nanocrystals for such applications. 
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2.7 Experimental 

Methods 

Materials. Lead acetate trihydrate [Pb(OAc)2·3H2O] (99.9%, Baker Chemical), ytterbium 

acetate hydrate [Yb(OAc)3·xH2O] (99.9%, Strem Chemical), lanthanum acetate hydrate 

[Yb(OAc)3·xH2O] (99.9%, Strem Chemical), cesium acetate [CsOAc] (99.9%, Alfa Aesar), 

anhydrous ethanol (200 proof, Decon Laboratories, Inc.), chlorotrimethylsilane (TMS-Cl) (98%, 

Acros Organics), 1-octadecene (ODE) (90%, Sigma Aldrich), olyelamine (OAm) (70%, Sigma 

Aldrich), oleic acid (OA) (90%, Sigma Aldrich), hexanes (99%, Sigma Aldrich), and anhydrous 

ethyl acetate (99%, Sigma Aldrich) were used as received unless otherwise noted. 

Nanocrystal synthesis and purification. Yb3+:CsPbCl3 NCs with the highest Yb3+ emission 

quantum yield were synthesized by hot-injection following procedures reported previously for 

synthesis of analogous Cs2AgBiX6 (X=Cl, Br) elpasolite NCs.19 Briefly, 5 mL ODE, 0.5 mL OAm, 

1.0 mL OA, 0.2 mmol Pb(OAc)2·3H2O, 280  μL of 1 M CsOAc in ethanol, and 0.16 mmol 

Yb(OAc)3·xH2O were added to a 50 mL round bottom flask. This solution was stirred and degassed 

on a Schlenk line at room temperature for 5 min before heating to 110 °C and degassed for 1 hr. 

The reaction vessel was then flushed with N2 and heated to 240 °C. Upon reaching this 

temperature, 0.2mL of TMS-Cl in 0.5 mL ODE was swiftly injected. Immediately after injection, 

the flask was cooled to room temperature using a water bath. The crude nanocrystal solution was 

centrifuged at 1318 xg for 15 minutes. The supernatant was discarded and the pellet was 

resuspended in hexanes. The NCs were then washed with ethyl acetate. The solution was then 

centrifuged at 1318 xg for 10 min. The supernatant was discarded, and the pellet was resuspended 

in hexanes. The mixture was allowed to settle overnight and then filtered through a 0.2 μm PTFE 

filter. Samples were stored in glass vials in ambient conditions. 

Nanocrystal synthesis variations. Yb3+:CsPbCl3 NCs of varying Yb3+ concentrations were 

synthesized following the protocol reported above except the nominal Yb3+ amount was varied 

using values of 0.02, 0.04, 0.08, 0.16, and 0.30 mmol Yb(OAc)3·xH2O. Reactions varying the Cs+ 

content were also prepared following the protocol reported above except 140 μL, 200 μL, 280 μL, 

and 360 μL of 1M CsOAc in EtOH were added while the Yb(OAc)3·xH2O concentration was held 

constant at 0.16 mmol. Synthesis of La3+:CsPbCl3 NCs also followed the above protocol, except 

the Yb(OAc)3·xH2O was replaced with 0.16 mmol La(OAc)3·xH2O. We have noticed that 

analytical Yb3+ concentration often does not directly track the nominal Yb3+ concentration. 
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General characterization. Absorption spectra were taken with an Agilent Cary 60 

spectrometer. Steady-state room-temperature photoluminescence (PL) data were measured using 

a 375 nm laser for excitation and a LN2-cooled silicon CCD for detection. All spectra were 

corrected for instrument response. NC TEM images were obtained using an FEI TECNAI F20 

microscope operating at 200 kV. Samples for TEM were prepared by dropcasting NC suspensions 

onto carbon-coated copper grids from TED Pella, Inc. Reported NC sizes reflect measurement of 

300 individual nanocrystals in each case. Elemental composition was determined by inductively 

coupled plasma – atomic emission spectroscopy (ICP-AES, PerkinElmer 8300). Samples were 

prepared by digesting the NCs in concentrated nitric acid overnight with sonication. Powder X-

ray diffraction was measured using a Bruker D8 Advance. Samples were prepared by dropcasting 

NC suspensions onto silicon substrates. Samples were irradiated using Cu Kα radiation (50000 

mW).  

Photoluminescence quantum yields (PLQY). Absolute photoluminescence quantum yield 

measurements were performed on dilute colloidal NC samples dispersed in hexane (OD < 0.2 at 

NC first exciton) placed in a sealed 1 cm path length quartz cuvette (Spectrocell) and positioned 

in a 5.3 inch teflon-based integrating sphere using a custom cuvette holder. The samples were 

directly excited with a 375 nm laser or Xe lamp, and attenuated with neutral density filters, as 

necessary. Excitation power was measured through a 1000 µm pinhole to calculate excitation flux. 

Light from the sphere was fiber coupled to a home-built fluorescence spectrometer using a LN2-

cooled silicon CCD for detection. All spectra were corrected for integrating sphere, fiber, lens, 

grating, and detector spectral response using a radiometric calibration lamp (Ocean Optics, LS-1-

Cal). We confirmed and extended the emission correction curve generated using the calibrated 

lamp in the UV-Vis spectral region using secondary emission standards, as described in reference 

26.29 PLQY was calculated using: 

 

𝑃𝐿𝑄𝑌 =
𝑁𝑒𝑚

𝑁𝑎𝑏𝑠
=

∫ 𝐼𝑠𝑎𝑚𝑝𝑙𝑒(𝜆)−𝐼𝑟𝑒𝑓(𝜆)𝑑𝜆

∫ 𝐸𝑟𝑒𝑓(𝜆)−𝐸𝑠𝑎𝑚𝑝𝑙𝑒(𝜆)𝑑𝜆
        (2.3) 

 

where “I” indicates the spectrally corrected intensity of the emitted light, “E” indicates the 

spectrally corrected intensity of the excitation light, “sample” indicates measurements of NC 

samples, and “ref” indicates measurements of a reference cuvette containing neat hexane. We 

continuously calibrated our PLQY setup using well-characterized dye emission standards and 
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found good agreement with literature values:  Rhodamine 6G – Measured (91.9%); Literature (90-

92%).30  IR140 – Measured (19.9%); Literature (20.0%).31 

Transient-absorption (TA) spectroscopy. TA data were collected using an Ultrafast Systems 

Helios spectrometer. The light source consisted of a Coherent Libra amplified Ti:Sapphire laser 

operating at 1 kHz and 800 nm, with ~3.9 mJ maximum pulse energy and ~100 fs pulse width. 

Pump pulses (365 nm) were generated using a Coherent OPerA Solo Ultrafast optical parametric 

amplifier and passed through a 365nm +/- 10nm bandpass filter. Pump and probe beams were 

directed into the entrance ports of the Helios spectrometer, and the pump beam was attenuated 

using neutral density filters. Broadband probe pulses (350-850 nm) were generated by focusing 

the 800 nm pump beam onto a translating CaF2 crystal. Time delays up to ~5.5 ns were achieved 

via an optical delay line. Colloidal NC samples dispersed in hexane (OD of approximately 0.2 at 

365 nm) were placed in a sealed 2 mm path length quartz cuvette (Spectrocell) equipped with a 

teflon stirbar.  During laser irradiation, samples were vigorously stirred and translated to prevent 

sample degradation/photocharging by ensuring a fresh sample population with each pump pulse 

such that scan-to-scan kinetics did not appreciably change with prolonged laser exposure. Without 

stirring/translation during laser exposure, we observed rapid degradation of the sample as observed 

by substantial changes in scan-to-scan kinetics, especially at early time delays, and eventual 

precipitation of the NCs from solution. All TA measurements were performed under conditions in 

which the laser pump fluence was tuned sufficiently low to produce, on average, less than a single 

exciton per NC per pulse (0 < 〈𝑁〉 < 0.2) with less than 2% probability of biexciton formation 

(see Appendix 2.2). 

Time-resolved photoluminescence (TRPL) spectroscopy. Time-resolved excitonic 

photoluminescence was measured separately from the time-resolved near-IR (NIR) 

photoluminescence. For the excitonic luminescence, colloidal samples were prepared by 

dropcasting the nanocrystal solutions onto quartz substrates. To ensure thick and even films, the 

colloidal solutions were mixed in octane with a hexane-to-octane ratio of 8:1 v/v and several layers 

were added. The samples were loaded into a closed-cycle cryostat capable of cooling the sample 

to 20 K. Samples were irradiated with 355 nm light from the third harmonic of an Ekspla Nd:YAG 

laser firing at a repetition rate of 25 Hz. Luminescence was detected using a Hamamatsu streak 

camera, and measurements were performed using 20 ns and 200 ns measurement windows, which 

yield instrument response times of ~280 ps and 2.7 ns, respectively. Excitation of the sample was 
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performed at a right angle to the detection path with a maximum pump fluence of 1012 photons per 

cm2 per pulse. Integration of the 200 ns streak camera images results in over 95% of emitted 

photons from the exciton. For time-resolved NIR luminescence, colloidal nanocrystals in hexane 

were irradiated with 405 nm light using 20 Hz square-wave pulses, and the NIR luminescence was 

detected using a silicon photodiode with a built-in amplifier and recorded with a Tektronix digital 

oscilloscope. 

Average PL lifetimes (τavg) were determined by fitting the PL decay traces to a biexponential 

function in which the PL intensity, I(t), is  

I(t) = 𝐴1𝑒
−(

𝑡

𝜏1
)

+ 𝐴2𝑒
−(

𝑡

𝜏2
)
         (2.4) 

where An denotes the amplitude of each time component, τn. The weighted average of the 

time components, τavg, is then given by the following equation: 

𝜏𝑎𝑣𝑔 =
𝛴𝐴𝑛𝜏𝑛

2

𝛴𝐴𝑛𝜏𝑛
          (2.5) 

 

Variable-temperature absorption spectroscopy. Colloidal NCs were dropcasted onto 

sapphire discs, loaded into a helium flow cryostat, and cooled to 12 K. Absorption spectra were 

measured at various temperatures between 12 K and room temperature using an Agilent Cary 5000 

UV-Vis-NIR spectrometer. 

Variable-temperature photoluminescence (VTPL). Colloidal NCs were dropcasted onto 

quartz discs, loaded into a liquid helium cooled cryostat, and cooled to 5 K. PL spectra were 

measured at various temperatures between 5 and 265 K using CW 375 nm light from an LED. All 

spectra were corrected for the wavelength dependent instrument response. 
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2.9 Appendices 

 

 
Appendix 2.1. TA kinetics of individual scans all-scan average. These data 

highlight the low scan-to-scan variability upon vigorous stirring and translation of 

colloidal CsPbCl3 NC samples upon exposure to 365 nm laser excitation. (colored: 

individual scans, black: all-scan average). 
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Appendix 2.2. Fluence-dependent TA measurements. (A) Fluence-dependent 

TA kinetics for undoped CsPbCl3 NCs upon 365 nm laser excitation. Inset shows 

the late-time TA kinetics. (B) Late-time TA kinetics at 5500 ps extracted from a 

linear fit of the data from 2000-5500 ps as a function of laser pump fluence. The 

data are fit to extract an absorption cross section of 4.2 x 10-14 cm2. 

We performed a laser fluence-dependent TA experiment to determine the absorption cross 

section, σ, of undoped CsPbCl3 NCs.  We monitored the late time delay TA signal (2000-5500 ps; 

after complete decay of multiexciton signal) as it should scale with σ and saturate with increasing 

laser pump fluence following Poisson statistics.  Here, the probability of generating 𝑖 photons per 

NC is given by 

 

𝑝𝑖 =
〈𝑁〉𝑖

𝑖!
𝑒−〈𝑁〉          (App. 2.1) 

 

where 〈𝑁〉 is the average number of excitons per NC. Thus, the late time TA kinetic signal as a 

function of laser fluence can be modeled with 

 

−∆𝛼(𝑡 ≫ 𝜏𝑥𝑥) ∝ (1 − 𝑝0) = 1 − 𝑒−〈𝑁〉         (App. 2.2) 

 

where 𝜏𝑥𝑥 is the multiexciton lifetime.  〈𝑁〉 can be expressed as 〈𝑁〉 = σ𝑗𝑝 where 𝑗𝑝 is the laser 

pump fluence, which can be calculated from the measured laser power at the sample position.  

Based on the fit to our data, we calculate an absorption cross section of 4.2 x 10-14 cm2 for the 

undoped CsPbCl3 NCs. 
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Appendix 2.3. Room temperature Yb3+ PL lifetimes. (A) Room-temperature 

time-resolved PL of the NIR emission for (red) 1.3% Yb3+ and (blue) 7.4% 

Yb3+:CsPbCl3 NCs. (B) Average NIR PL lifetime, τavg, as a function of Yb3+ 

concentration. 

 
Appendix 2.4. Yb3+ doping concentration as a function of varying nominal 

Yb3+:Pb2+. Analytical Yb3+ concentration plotted versus the nominal Yb3+:Pb2+ 

ratio used in the NC synthesis. 
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Appendix 2.5. Effect of increasing nominal [Cs+]. (A) Steady-state PL  of 

samples in using Cs+:Pb2+ nominal ratios of 0.6 (green) 1.0 (purple) and 1.4 (red) 

and 1.8 (blue) with a fixed Yb3+:Pb2+ ratio of 0.2. Excitonic emission is magnified 

6x for clarity. (B) XRD data of the corresponding samples against CsPbCl3 

reference. (C) XRD data of sample made with nominal [Cs+]:[Pb2+] of 1.8 shown 

with Cs4PbCl6 reference. The resulting excitonic emission and final [Yb3+] is highly 

sensitive to the initial amount of Cs+ present in the reaction mixture. Interestingly, 

most synthetic protocols using Cs-oleate for hot injection call for a Cs+:Pb2+ 

nominal ratio of ~0.25. However, Yb3+ incorporation is only high when the nominal 

ratio is above 1.0 and appears optimal at 1.4 for this reaction scheme. At a certain 

point, too much Cs+ (ratio of 1.8) results in the impurity Cs4PbCl6 composition. 
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Appendix 2.6. Effect of excessive washing on exciton and Yb3+ PL. (A) Steady-

state PL of the same sample before and after each washing step. Exciton is 

magnified 6x for clarity. All spectra are corrected and absorbance normalized. (B) 

The analytical Yb3+ concentration with respect to the number of washes. (C) Scatter 

plot of the integrated PL ratio of the NIR (red) and excitonic (blue) emission 

respective to their initial value. We show that only one washing step is necessary 

to remove excess unreacted material such as metal oleates that could cause an 

overestimation of composition by elemental analysis. The washing steps largely 

affect the excitonic emission (~70% loss) while the NIR emission remains as high 

as 90% of its initial value even after 4 washing cycles with ethyl acetate. 

 

Appendix 2.7. XRD of CsPb1-xYbxCl3. (A) XRD data of samples (red) from Figure 

2.2a and reference CsPbCl3 NCs (black) arranged in order of increasing Yb3+:Pb2+ 

nominal ratios (0.1, 0.2, 0.4, 0.8, 1.5) from bottom to top. Data from undoped 

CsPbCl3 NCs are also shown. (B) Results from Scherrer size analysis of Yb3+-

doped and undoped CsPbCl3 NCs. 
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For each sample, the effective crystallite size, ε, was determined using the Scherrer equation 

𝜀 =
𝐾𝜆

𝛽𝑐𝑜𝑠(𝜃)
           (App. 2.3) 

in which K is the shape factor (0.94), λ is the X-ray wavelength (0.15406 nm), β is the FWHM of 

the measured reflection (2θ = 22.4°), and θ is the Bragg angle. 

 

Transient Absorption Spectroscopy - Kinetic Model. Wu et al. studied charge-transfer 

kinetics from colloidal CsPbBr3 NCs to small, surface-bound molecular species.6 They showed 

that high CsPbBr3 NC PL QYs (~80%) could be attributed to negligible carrier trapping pathways 

with ~94% of lowest excitonic states decaying with a single exponential lifetime of 4.5 ns.  

Additionally, they showed that the occupancy of both band-edge electrons and holes contribute to 

the NC exciton bleach signal, with 67.2% and 32.8% contribution, respectively. Even though the 

calculated effective masses of the electron and hole are similar, they hypothesize that the greater 

exciton bleach contribution from the electron could be due to higher degeneracy in the valence 

band. They fit their kinetic data to a sum of exponentials weighted by bleach signal carrier 

contribution for electron/hole transfer and subsequent cross relaxation between the carrier 

transferred to surface anchored molecular species and the remaining carrier delocalized at the NC 

band edge. Additionally, they propose that because charge transfer to surface bound molecular 

species is extremely efficient, at sufficiently high dye loading, band-to-band exciton recombination 

does not need to be included in the model.  Overall, their kinetic fitting routine nicely models their 

experimental data. Considering CsPbBr3 and CsPbCl3 have similar electronic structures/carrier 

effective masses,5 we made the assumption that the contribution of electron and hole occupancy 

to the measured TA exciton bleach kinetics experimentally determined for CsPbBr3 NCs would be 

similar for CsPbCl3 NCs. 

As-synthesized CsPbCl3 NCs typically show much lower PLQYs than the other lead halide 

perovskite NCs, presumably due to more efficient nonradiative recombination pathways at lattice 

or surface defects.  Therefore, we can treat these carrier trap states in a similar way that Wu et al. 

treated charge transfer species using a sum of exponentials, including carrier trapping and 

corresponding cross relaxation.  However, we also observe exciton PL from these NCs, so we must 

include a fifth exponential term to account for band-edge radiative recombination.  The possible 
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excited state carrier recombination pathways present in undoped CsPbCl3 NCs are summarized in 

Appendix Scheme 1.  Upon photoexcitation, both holes and electrons rapidly localize to available 

trap states with rates of k1 and k2, respectively (sub-ps to 10’s of ps).  These trapped carriers can 

recombine with delocalized band edge carriers with rates of k4 and k5 (10’s – 100’s of ps).  Finally, 

electrons and holes that reside in a subset of the NC ensemble that do not exhibit active trap 

pathways can undergo band-to-band recombination with a rate of k6 (typically nanoseconds for 

CsPbX3 NCs). 

 

 

Appendix Scheme 2.1. Possible excited state recombination pathways present 

in undoped CsPbCl3 NCs. 

 

Using a sum of five exponentials – of which the sum of two decay amplitudes is weighted by 

0.33 (0.67) for hole (electron) trapping and corresponding cross-relaxation - we fit the undoped 

CsPbCl3 NC TA kinetics allowing all of the exponential time constants to vary.  We found good 

agreement with the experimental data (Appendix 2.5). Fit parameters are summarized in 

Appendix Table 2.1. 

 



48 
 

 

Appendix 2.8. TA kinetics of undoped CsPbCl3 NCs. Raw data (black) and 

resulting fit to a sum of five exponentials (dashed red). 

 

Next, we wanted to see if there were any components in the TA kinetics of the Yb3+ doped 

NCs that differed from the undoped NCs.  Because all of the samples exhibited some degree of 

exciton PL, we first tested the theory that the kinetics at long pump-probe delays should be similar.  

Upon normalizing at long delays, it became evident that the interband recombination lifetime of 

the NCs shortened with increasing Yb3+ content (kinetics at long delays did not overlap).  After 

normalizing the kinetics at intermediate delays (trapped carrier cross-relaxation timescales; 50-

150 ps), the overlap was much better and the undoped response was subtracted away from the 

doped response; therefore, the remaining response should be due only to carrier recombination 

pathways associated with Yb3+ incorporation.  The Yb3+-related kinetic response fit nicely to a 

sum of two exponentials with time constants of ~0.3 ps and 8.4 ps (Appendix 2.6).  
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Appendix 2.9.  Normalized TA Kinetics. Representative TA kinetic response of 

two Yb3+ doped CsPbCl3 NC samples after normalizing at intermediate delays (50-

150 ps) and subtracting away response from undoped NCs.  The resulting fits 

(dashed) are a sum of two exponential decay functions. 

The fast time component (~0.3 ps) is similar to the native hole trapping time constant, 𝜏1, found 

in the undoped NCs, but the longer time constant (8.4 ps), denoted as 𝜏3, is not an obvious 

component of the undoped NC exciton recombination kinetics.  Regardless, the timescales of these 

decays suggests that Yb3+ incorporation introduces new carrier recombination pathways, the 

identity of which is discussed in detail in the main text. We performed a global fit of all the 

Yb3+:CsPbCl3 NC TA kinetics, normalized to 1 at early pump-probe delay, using a sum of six 

exponentials.  Time constants 𝜏1, 𝜏2, 𝜏3, 𝜏4, and 𝜏5 were held constant and 𝜏6 was allowed to float.  

The decay amplitudes were also allowed to float.  The result of the global fit to the TA data is 

shown in Figure 2.4C of the main text, and the best-fit parameters are recorded in Appendix 

Table 2.1. 

 

Appendix Table 2.1. TA kinetic global-fitting time constants and amplitudes 

for undoped and Yb3+-doped CsPbCl3 NCs. 

Table S1 𝜏1=0.3 ps 𝜏2=2 ps 𝜏3=8.4 ps 𝜏4=49.85 ps 𝜏5=355.09 ps   

Sample ID A1 A2 A3 A4 A5 A6 𝝉𝟔 (ps) 
        

Undoped -0.0576 -0.11462 N/A -0.14922 -0.30903 -0.3899 10907 

1.3% Yb3+ -0.06640 -0.12402 -0.09972 -0.1789 -0.27476 -0.26523 6263.5 

1.9% Yb3+ -0.03760 -0.14848 -0.10606 -0.14535 -0.33632 -0.22977 7616.6 

2.4% Yb3+ -0.04253 -0.11794 -0.1178 -0.11898 -0.35048 -0.2488 8416.1 

4.4% Yb3+ -0.10061 -0.19403 -0.19403 -0.22573 -0.17669 -0.20894 3635.4 

4.9% Yb3+ -0.16074 -0.19735 -0.12373 -0.14646 -0.23593 -0.19089 4500.1 

6.0% Yb3+ -0.15600 -0.29181 -0.22541 -0.12782 -0.14627 -0.06299 1760.2 
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Appendix 2.10. Raw TA kinetic data. Averaged scans over the FWHM of the first 

exciton peak bleach for undoped (black) and Yb3+-doped (colored; colors consistent 

with Figure 4) CsPbCl3 NCs dispersed in hexane. 

 

 

 

Appendix 2.11. TA spectra of Yb3+-doped and La3+-doped NCs. Varying TA 

spectra according to probe delay for undoped, Yb3+-doped, and La3+-doped 

CsPbCl3 NC colloids dispersed in hexane for delays between 2-10 ps (black), 150-

350 ps (red), and 3000-5600 ps (blue).  
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Appendix 2.12. Exciton PLQYs plotted as a function of Yb3+ concentration. 

From Figure 2.2B of the main text but plotted here on an expanded y scale. 

 

 

 

Appendix 2.13. PL spectra of CsPb1-xYbxCl3 NCs..Steady-state PL spectra of 

Yb3+:CsPbCl3 NCs used in Figure 2.4. Samples were irradiated with 375 nm light. 

Note: 6.0% Yb3+:CsPbCl3 is shown in Figure 2.1e. 
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Appendix 2.14. PLE of NIR emission. Absorption (solid) and photoluminescence 

excitation (dashed; λem = 980 nm) spectra of 5.2% Yb3+-doped CsPbCl3 NCs, 

collected at room temperature. 

 

 

Appendix 2.15. Temperature dependent PL decay of exciton luminescence. 

Time-resolved PL decay traces of (A) undoped, (B) 1.3% Yb3+, (C) 1.9% Yb3+, (D) 

2.4% Yb3+, (E) 5.1% Yb3+, and (F) 6.3% Yb3+-doped CsPbCl3 nanocrystals at 

various temperatures. The temperature range is 20 K (light blue) to 300 K (pink). 

The instrument response function is shown as the dashed grey line. 



53 
 

 

Appendix 2.16. Variable Temperature Excitonic PL. (A) Raw data of 

temperature dependent excitonic PL under 355 nm irradiation at temperatures from 

20 to 300 K. (B) Peak energy and (C) normalized integrated intensity as a function 

of temperature. The colors match the corresponding samples from panel A.  
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Appendix 2.17. Temperature-dependent absorption spectra. Low-temperature 

(blue) and room-temperature (red) absorption spectra of ~7% Yb3+:CsPbCl3 NCs. 

 

Appendix 2.18. La3+:CsPbCl3 XRD. X-ray diffraction data of 1.3% La3+:CsPbCl3 

NCs compared to reference CsPbCl3. 
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Appendix 2.19. Room-temperature CsPb1-xYbxCl3 absorption spectra. Ground 

state optical absorption spectra of undoped, Yb3+-doped, and La3+-doped CsPbCl3 

NC colloids dispersed in hexane. 

 

Appendix 2.20. Induced-defect state PL. Variable-temperature 

photoluminescence spectra of La3+-doped CsPbCl3 NCs. 
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Appendix 2.21. Low-Temperature, 20 K, PL decay of induced-defect 

luminescence. (A) Low temperature PL spectra collected for 1.3% La3+-doped 

CsPbCl3 NCs. (B) Short- (C) medium-, and (D) long- time windows for PL decay 

from a shallow trap carrier.  99% of the emission occurs within the 40 ps instrument 

response of our detector, and the remaining emission is tri-exponential with time 

constants of ~ 0.3 ns, 1.9 ns, and 18 ns. 
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Chapter 3 Anion Exchange and the 

Quantum-Cutting Energy Threshold  

 
 

 

Reprinted with permission from Milstein, T. J.; Kluherz, K. T.; Kroupa, D. M.; Erickson, C. S.; 

De Yoreo, J. J.; Gamelin, D. R. Anion Exchange and the Quantum-Cutting Energy Threshold in 

Ytterbium-Doped CsPb(Cl1–xBrx)3 Perovskite Nanocrystals. Nano Lett. 2019, 19, 1931-1937. 

Copyright 2022. American Chemical Society. 

 

 

 

Abstract. Colloidal halide perovskite nanocrystals of CsPbCl3 doped with Yb3+ have 

demonstrated remarkably high sensitized photoluminescence quantum yields (PLQYs), 

approaching 200%, attributed to a picosecond quantum-cutting process in which one photon 

absorbed by the nanocrystal generates two photons emitted by the Yb3+ dopants. This quantum-

cutting process is thought to involve a charge-neutral defect cluster within the nanocrystal's 

internal volume. Here, we demonstrate that Yb3+-doped CsPbCl3 nanocrystals can be converted 

post-synthetically to Yb3+-doped CsPb(Cl1-xBrx)3 nanocrystals without compromising the desired 

high PLQYs. Nanocrystal energy gaps can be tuned continuously from Eg ~ 3.06 eV (405 nm) in 

CsPbCl3 down to Eg ~ 2.53 eV (~490 nm) in CsPb(Cl0.25Br0.75)3 while retaining a constant PLQY 

above 100%. Reducing Eg further causes a rapid drop in PLQY, interpreted as reflecting an energy 

threshold for quantum cutting at approximately twice the energy of the Yb3+ 2F7/2 → 2F5/2 

absorption threshold. These data demonstrate that very high quantum-cutting energy efficiencies 

can be achieved in Yb3+-doped CsPb(Cl1-xBrx)3 nanocrystals, offering the possibility to circumvent 

thermalization losses in conventional solar technologies. The presence of water during anion 

exchange is found to have a deleterious effect on the Yb3+ PLQYs but does not affect the 

nanocrystal shapes, morphologies, or even reduce the excitonic PLQYs of analogous undoped 

CsPb(Cl1-xBrx)3 nanocrystals. These results provide valuable information relevant to development 

and application of these unique materials for spectral-shifting solar energy conversion 

technologies. 
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3.1 Introduction 

Nanocrystals (NCs) of the all-inorganic lead-halide perovskite semiconductors, CsPbX3 (X = 

Cl-, Br-, I-), have demonstrated attractive photophysical properties such as bandgap tunability 

throughout the visible, broad absorption with large absorption cross sections, narrow emission 

linewidths, near-unity photoluminescence quantum yields (PLQYs), and defect tolerance.1-3 

Consequently, these materials have generated intense interest for numerous optoelectronics, 

photovoltaics, and photodetection applications.4-7 Impurity doping with cations such as Mn2+, 

Zn2+, Cd2+, Sn2+, and others has also been explored as an approach to tune these optoelectronic 

properties.8-10 Mn2+-doping has received particular attention for shifting the NC PL relative to its 

absorption, and this approach has yielded families of luminescent materials that may be useful for 

white-light generation or other novel applications.11-16 

Recently, colloidal Yb3+-doped CsPb(Cl1-xBrx)3 NCs (Yb3+:CsPb(Cl1-xBrx)3) were 

demonstrated to show extraordinarily high PLQYs in the near-IR sensitized by photoexcitation of 

the CsPb(Cl1-xBrx)3 host NC, reaching as high as ~170%.17-19 These very high PLQYs have been 

attributed to an extremely efficient quantum-cutting process that converts the energy from one 

short-wavelength absorbed photon into the energies of multiple longer-wavelength emitted 

photons. The emissive 2F5/2 → 2F7/2 f-f transition of Yb3+ in CsPb(Cl1-xBrx)3, at ~980 nm, is aligned 

very well with the peak energy-conversion efficiency of crystalline Si (c-Si) photovoltaics, 

suggesting promise for various solar spectral-conversion applications.17, 20-22 Solar-energy 

conversion using quantum cutting has been investigated for many years with other lanthanide-

containing luminescent materials,20-21, 23-27 but Yb3+:CsPb(Cl1-xBrx)3 is the first material that 

combines highly efficient quantum cutting with absorption that is sufficiently strong and broad for 

practical solar applications. 

Anion alloying can be used to reduce the energy gap (Eg) from ~3.05 eV (~405 nm) in CsPbCl3 

NCs to ~2.39 eV (~518 nm) in CsPbBr3 NCs,28-33 enabling absorption of a much greater fraction 

of the solar spectrum. In principle, however, a fundamental energy-conservation threshold of Eg > 

2xEf-f must exist if quantum cutting is indeed responsible for Yb3+ PL sensitization in 

Yb3+:CsPb(Cl1-xBrx)3 NCs. From NIR PL data,19 we expect this absorption threshold to occur at 

Ef-f ~ 2.53 eV (~490 nm), but to date there has been no systematic investigation of the relationship 

between quantum cutting and Eg in such NCs. Quantum-cutting polycrystalline films of 

Yb3+:CsPb(Cl1-xBrx)3 with substantially larger grain volumes do indeed show much smaller 
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PLQYs in Yb3+:CsPbBr3 than in wider-gap compositions,33 but only large step sizes along the 

halide composition parameter (x) were examined. The ability to finely tune the Yb3+:CsPbX3 

energy gap would be attractive for characterizing the specific energy-conservation threshold, and 

hence the quantum-cutting mechanism itself, and should also be useful for optimizing the 

performance of these materials for various applications. In principle, such tunability could be 

achieved by post-synthetic anion exchange; CsPbCl3 NCs readily undergo anion exchange with 

several common halide reagents to form mixed-halide alloys,28-32 but to date, all quantum-cutting 

Yb3+:CsPbCl3 and Yb3+:CsPb(Cl1-xBrx)3 NCs17, 19, 22 and polycrystalline films19 have been prepared 

by direct synthesis only. Anion exchange has not yet been reported in any quantum-cutting 

perovskites. It is unclear whether anion exchange will retain the charge-neutral defect clusters 

thought to be integral to the Yb3+:CsPb(Cl1-xBrx)3 quantum-cutting mechanism,19 or whether such 

defects (or even the Yb3+ impurities themselves) may be passivated, dissociated, or extruded from 

the lattice during anion exchange, thereby sacrificing the high PLQYs.  

Here we report a systematic investigation of the effects of Cl- → Br- anion exchange on the 

spectroscopic properties of Yb3+:CsPbX3 NCs. We find that it is possible to retain the high PLQYs 

of Yb3+:CsPbCl3 NCs (Eg ~ 3.06 eV, ~405 nm) during anion exchange while narrowing Eg to ~2.53 

eV (~490 nm). For Eg below ~2.53 eV, the Yb3+ PLQY drops rapidly, demonstrating the 

anticipated energy threshold for quantum cutting. We further observe sensitivity of the Yb3+ PLQY 

to the presence of water in the anion-exchange reaction, either from air or deliberately introduced 

into an otherwise dry reaction. Whereas the NC absorption spectra show no apparent sensitivity to 

residual water under our reaction conditions, the Yb3+ PL is substantially diminished (by as much 

as 40%) when anion exchange is performed in the presence of water. 

 

3.2 Physical Characterization of Yb3+:CsPb(Cl1-xBrx)3 NCs 

Figure 3.1A shows TEM images of a representative sample of 7.7% Yb3+:CsPbCl3 NCs with 

average NC edge lengths of 14.1 ± 3.8 nm. The absorption and PL characteristics of CsPbCl3 NCs 

are size-independent in this regime, and recent studies of Yb3+:CsPbCl3 polycrystalline thin films 

have demonstrated that quantum cutting is also largely unaffected by grain size.19 Figure 3.1B 

shows TEM images of the same sample from Figure 3.1A after anion exchange to Yb3+:CsPbBr3 

using trimethylsilyl bromide (TMS-Br) under dry, anaerobic conditions. The average NC size is 

now 14.8 ± 3.7 nm. A small degree of NC growth is to be expected due to the increase in lattice 
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parameter, and some NCs appear to have fused together during the anion-exchange reaction. 

Figure 3.1C presents XRD patterns for the Yb3+:CsPbCl3 and Yb3+:CsPbBr3 NCs along with 

reference peaks for the respective compositions. The experimental diffraction pattern obtained 

after anion exchange matches the anticipated orthorhombic CsPbBr3 diffraction. No crystalline 

impurities are observed in either composition. Combined, these data illustrate successful 

conversion of CsPbCl3 NCs into CsPbBr3 NCs via anion exchange. 

 

 
Figure 3.1 Physical Characterization of Yb3+:CsPbX3 (X = Cl, Br) NCs. 

TEM images of 7.7% Yb3+:CsPbCl3 collected (A) before and (B) after anaerobic 

anion exchange with TMS-Br in dry hexane, which converts Yb3+:CsPbCl3 NCs 

into Yb3+:CsPbBr3 NCs. (C) Representative XRD data for the same NCs from panel 

A. Reference diffraction patterns are included for comparison, confirming 

essentially complete anion exchange.  

 

3.3 In situ Optical Monitoring of Anion Exchange 

Figure 3.2A plots absorption spectra collected in situ during a representative NC anion-

exchange reaction. Figure 3.2B plots in situ PL spectra for the same reaction. For this data set, the 

NCs were excited at 375 nm using a constant per-NC excitation rate of 370 s-1, with excitation 

powers adjusted during the course of the reaction according to the evolving optical density at 375 

nm. The final absorption and PL spectra in this series exhibit the energy gap of CsPbBr3, consistent 

with essentially complete anion exchange from Cl- to Br-. These data show that Yb3+ emission is 

still sensitized by NC photoexcitation even in the final Yb3+:CsPbBr3 NCs, but this PL is 
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substantially weaker in Yb3+:CsPbBr3 NCs than in Yb3+:CsPbCl3 or Yb3+:CsPb(Cl1-xBrx)3 NCs. 

Figure 3.2C summarizes these data by plotting the Yb3+ PL intensity vs the exciton PL wavelength 

from the data in Figure 3.2B. The PLQY of these specific Yb3+:CsPbCl3 NCs was ~114% before 

initiating the anion-exchange reaction. This plot shows that the Yb3+ PLQY remains above 100% 

until the first exciton shifts to below ~490 nm, at which point the Yb3+ PLQY drops rapidly with 

decreasing Eg. The narrowest energy gap where the full PLQY of the starting Yb3+:CsPbCl3 NCs 

corresponds to x ≈ 0.75 in Yb3+:CsPb(Cl1-xBrx)3 NCs. Similar data have been obtained for many 

analogous samples, independent of PLQY (vide infra), consistent with this trend being intrinsic to 

the quantum-cutting mechanism itself. Overall, these data demonstrate the ability to finely tune Eg 

in quantum-cutting Yb3+:CsPb(Cl1-xBrx)3 NCs using anion exchange. Moreover, these results 

indicate that the quantum-cutting mechanism active in these materials remains effective despite 

the extensive lattice transformation that occurs during anion exchange. 

  
 

Figure 3.2 Optically-Monitored Chloride-to-Bromide Anion Exchange. 

(A) Absorption spectra of 7.7% Yb3+:CsPb(Cl1-xBrx)3 NCs monitored in situ during 

anion exchange from Yb3+:CsPbCl3 (purple) to Yb3+:CsPbBr3 (green) using TMS-

Br. (B) PL spectra collected in situ during the same reaction as in panel A. PL 

spectra were measured using 375 nm excitation at a constant NC excitation rate of 
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~370 s-1. Absorption and PL spectra were recorded every ~14 min following 

addition of TMS-Br. (C) Plot of the Yb3+ 2F5/2 → 2F7/2 PL intensity vs the exciton 

PL wavelength, from the spectra in panel B. The gray shaded area marks 

approximately twice the Yb3+(2F7/2 → 2F5/2) absorption onset (2xEf-f) estimated 

from the PL spectra, i.e., the anticipated energy threshold for quantum cutting in 

these materials below which energy conservation cannot be maintained. (D) The 

data from panel (C) replotted as quantum-cutting energy efficiency (QCEE, eq 2) 

vs Eabs (black circles) and eq 2 plotted for bandgap-optimized Yb3+:CsPb(Cl1-xBrx)3 

NCs (x ~ 0.75, solid black curve) with an abrupt threshold. Both have been idealized 

to max = 200% for illustration. For comparison, the energy-conversion efficiency 

of a typical c-Si photovoltaic cell (dashed black), the AM1.5 solar spectral 

irradiance (grey), and the absorption (blue) and PL spectra (red) of the 

Yb3+:CsPb(Cl1-xBrx)3 NCs are also plotted. The inset in (B) illustrates the quantum-

cutting process, including the thermalization loss when Eabs > Eg  2xEf-f such as in 

bandgap-optimized Yb3+:CsPb(Cl1-xBrx)3 NCs. 

 

The data in Figure 3.2C provide strong evidence of a discrete threshold energy for quantum 

cutting in these materials. The Yb3+ PL spectrum at low temperature shows its highest-energy 

feature at 1.267 eV (979 nm).19 This feature is likely the first electronic origin within the crystal-

field split 2F5/2 multiplet, meaning it defines the low-temperature Yb3+(f-f) absorption threshold as 

well. From the low-temperature origin, an energy threshold of 2xEf-f = 2.534 eV (489 nm) is thus 

anticipated, indicated by the gray vertical bar in Figure 3.2C. At room temperature, vibronic hot 

bands broaden the f-f absorption spectrum slightly to lower energy, and this threshold is expected 

to shift correspondingly. From Figure 3.2C, the Yb3+ PL intensity indeed drops precisely when 

the excitonic PL energy crosses 2xEf-f.  

The above results show that quantum cutting in Yb3+:CsPb(Cl1-xBrx)3 NCs has a very high 

intrinsic energy efficiency, i.e., no step in the quantum cutting mechanism introduces any 

substantial thermalization losses. This high energy efficiency is consistent with our recent proposal 

that quantum cutting in these materials proceeds via a shallow trap state residing just a few tens of 

meV below the first exciton, because participation of a deeper trap state would result in PLQY 

losses that begin higher above 2xEf-f than observed in Figure 3.2C. To highlight this energy 

efficiency, the data from Figure 3.2C are replotted in Figure 3.2D in terms of the quantum-cutting 

energy efficiency (QCEE) as defined by eq 3.1. These data are compared with the numerical results 

from eq 1 in the limit of zero thermalization, i.e., for an idealized PLQY of Φ = 200% above 

threshold and 0% below threshold, and with a quantum-cutting threshold energy of 2xEf-f. Φ for 

the experimental data has also been idealized to 200% at its maximum value for the purposes of 
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comparison. For the idealized curve, the QCEE begins at ~82% for 3.06 eV band-edge absorption 

in Yb3+:CsPbCl3 NCs (and also for 3.06 eV absorption in bandgap-optimized Yb3+:CsPb(Cl1-xBrx)3 

NCs) and it approaches 100% as Eabs approaches 2xEf-f, below which it drops rapidly to 0%. The 

experimental data follow this trend closely, except the drop-off is not as abrupt. Figure 3.2D also 

compares these QCEE plots with the energy-conversion efficiency curve of a high-performance c-

Si photovoltaic cell. The latter has a value of only ~20% at 3.06 eV that increases to only ~35% at 

2xEf-f. These low energy-conversion efficiencies reflect the narrow Eg of Si and hence the large 

thermalization losses in Si photovoltaics when converting blue photons. A QCEE of 100% in this 

region would allow thermalization losses normally associated with above-bandgap photoexcitation 

to be eliminated entirely and instead replaced by emission of an additional photon. As illustrated 

in Figure 3.2D, the Yb3+ emission from Yb3+:CsPb(Cl1-xBrx)3 NCs is very well aligned with the 

peak energy-conversion efficiency of c-Si photovoltaics. The high QCEEs of these Yb3+:CsPb(Cl1-

xBrx)3 NCs thus motivates their use for eliminating thermalization losses in Si-based solar 

technologies. 

𝑄𝐶𝐸𝐸 =
𝐸𝑃𝐿

𝐸𝑎𝑏𝑠
𝛷 ≈

1.267 𝑒𝑉

𝐸𝑎𝑏𝑠
𝛷    (3.1) 

In addition to high QCEEs, the curvature of the data in Figure 3.2C appears to be an intrinsic 

characteristic of this material system. Very similar curvature has been obtained in many analogous 

anion-exchange experiments for samples with many PLQYs, reaching as high as ~165% (see 

Appendix 3.3). Two potential sources of this curvature could be (i) loss of Yb3+ during anion 

exchange and (ii) PL power saturation.19 The former possibility is ruled out by ICP-AES 

measurements showing that the Yb3+ content remains unchanged over the entire anion-exchange 

composition series, bolstered by the observation that converting product Yb3+:CsPbBr3 NCs back 

to Yb3+:CsPbCl3 NCs via anion exchange using oleylammonium chloride returns the Yb3+ PLQY 

to within ~20% of its original value, i.e., well above 100% (see Appendix 3.3). The latter 

possibility is ruled out by performing the experiment at a constant excitation rate (Figure 3.2). 

When similar measurements are instead performed with a constant excitation source (fixed 

excitation wavelength and power density, e.g., Figure 3.3A), then saturation also adds slightly to 

the decrease in PLQY with decreasing Eg (see Appendix 3.2), because anion exchange leads to 

increased NC excitation rates under these conditions. Instead of these two scenarios, it appears 

likely that the curvature seen in Figure 3.2C is intrinsic to the material and reflects changes in the 

energy matching between the energy donor (shallow trap) and energy acceptor (2xEf-f) states 
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involved in quantum cutting. Such energy matching is required for energy conservation and hence 

contributes to the nonradiative energy-transfer rate, as summarized by Fermi's golden rule (eq 3.2, 

where Rif = energy transfer rate, Mif = electronic-coupling matrix element for the donor-acceptor 

interaction, ρf = density of acceptor states at the energy of the donor state, summed over donor 

energies). Our previous work has shown that trivalent-cation-doped CsPbCl3 NCs have a broad 

trap-state PL with a peak maximum ~40 meV below the exciton PL,19 indicating a multitude of 

viable donor energies and associated probabilities. This breadth, in conjunction with thermal 

broadening of the Yb3+(f-f) absorption, causes the drop in Rif to be broadened in energy somewhat 

during the transition from the quantum-cutting (Eg > 2xEf-f) regime to the non-quantum-cutting 

regime (Eg < 2xEf-f) with anion exchange (Figure 3.2C). 

      (3.2)

 

3.4 Anion Exchange Reaction Conditions 

In the course of these anion-exchange measurements, we also noticed variations in the specific 

curves obtained under nominally similar reaction conditions, and we identified the presence of 

trace water as an important factor. For illustration, Figure 3.3A plots the Yb3+ PL intensity vs the 

exciton PL wavelength for reactions performed rigorously anaerobically (as in Figure 3.2) and 

aerobically. The Yb3+ PL of the aerobic anion-exchange reaction decreases already during the 

initial anion-exchange steps and remains ~20% lower than the reference anaerobic data set until 

the quantum-cutting threshold of ~489 nm is reached, beyond which the Yb3+ PL intensities in 

both data sets drop rapidly. Similarly, Figure 3.3B plots excitonic PL intensities vs exciton PL 

wavelength collected during the same reactions as shown in Figure 3.3A. Under anaerobic 

conditions, the excitonic PL intensity remains nearly constant throughout the entire anion-

exchange reaction. When the reaction is performed aerobically, however, the exciton PL intensity 

increases by approximately an order of magnitude upon conversion from Yb3+:CsPbCl3 to 

Yb3+:CsPbBr3. For both reaction conditions, TMS-Br and benzoyl bromide anion-exchange 

reagents yield similar results. We note that both anion-exchange reagents react with water to form 

HBr, which may therefore be generated in situ under experimental conditions involving water and 

may be relevant to the observed influence of water. 
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Figure 3.3 Monitoring Anion Exchange in Aerobic and Anaerobic Conditions 

Relative (A) Yb3+ NIR (985 nm) and (B) excitonic PL intensities plotted vs 

excitonic PL wavelength, collected during Cl-→ Br- anion exchange of 5.5% 

Yb3+:CsPbCl3 NCs using either TMS-Br or benzoyl bromide. PL intensities were 

collected using constant excitation power at 375 nm. Data were subsequently 

corrected for the changing absorbance at 375 nm, but not for changes in PL 

saturation. All intensities are normalized to the Yb3+ PL intensity of the starting 

Yb3+:CsPbCl3 NCs. Note the different y-axis scales. 

 

A major difference between reactions performed with and without water present is their 

kinetics. Figure 3.4 plots absorption spectra of Yb3+:CsPbCl3 NCs collected before and after anion 

exchange using TMS-Br for reactions performed under three different conditions: anaerobically in 

dry hexane, aerobically in aerated hexane, and anaerobically with water added to dry hexane 

(Figures 3.4A, B, C, respectively). Although all three data sets appear essentially identical, they 

arose from reactions with very different kinetics. Figure 3.4D plots the time evolution of the 

absorbance at 375 nm collected during each of these three anion-exchange reactions. Whereas the 

aerobic reaction was complete within 15 min, the anaerobic reaction took over 4 hr to reach 

completion. The entire kinetic trace for the anaerobic reaction is included in the inset of Figure 

3.4D. Figure 3.4E summarizes the Yb3+ PL intensities measured during the same anion-exchange 

reactions. For the anaerobic reaction, the Yb3+ PL intensity remained constant until the energy gap 

reached ~489 nm, as in Figure 3.2C. Adding water to the reaction or aerating the solution both 

caused a decrease in Yb3+ PL intensity at earlier stages of the anion-exchange reaction. For 
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example, when the exciton PL was at 475 nm, the aerobic reaction showed Yb3+ PL intensities that 

were ~40% smaller than those of the anaerobic, dry reaction.  

 
Figure 3.4 Probing the Effect of Water During Anion Exchange 

Absorption spectra of 5.5% Yb3+:CsPbCl3 NCs collected before (solid lines) and 

after (dotted lines) anion exchange using TMS-Br under three different reaction 

conditions: (A) anaerobic in dry hexane, (B) aerobic in hexane, and (C) aerobic in 

dry hexane with added water (0.5 μL H2O added to 3 mL dry hexane). (D) Kinetic 

traces monitoring the NC absorbance at 375 nm (A375) following injection of TMS-

Br under the three reaction conditions from panels A-C. Inset: Entire kinetic trace 

for the anaerobic anion-exchange reaction in dry hexane. (E) Intensity of Yb3+ PL 

at 985 nm plotted vs exciton PL wavelength for the same three anion exchange 

reactions, reacting 5.5% Yb3+:CsPbCl3 NCs with TMS-Br anaerobically in dry 

hexane (blue), aerobically (green), and anaerobically with 0.2 μL water added to 3 

mL dry hexane (red). 

 

One conceivable cause for the disparity between PL intensities obtained for anaerobic vs 

aerobic (hydrated) anion exchange could be a difference in the NCs themselves that results from 

the introduction of water, for example through extensive Ostwald ripening, oriented attachment, 

or NC dissolution. To test for such differences, the same reactions were probed by TEM, for both 

undoped and Yb3+-doped NCs. Figure 3.5 shows TEM images of undoped CsPbCl3 and 4.1% 

Yb3+-doped CsPbCl3 NCs collected before and after anion exchange under the anaerobic and 

aerobic reaction conditions described in Figure 3.4. Whether the reaction is performed 
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anaerobically (slowly) or aerobically (rapidly), the NCs appear to grow slightly and maintain their 

cubic morphologies. Although some of the larger crystallites are observed after anion exchange 

that appear to arise from oriented attachment during reaction, formation of such morphologies is 

independent of Yb3+ doping. Figures 3.5D,H plot size-distribution histograms for these reactions 

with the undoped and doped NCs, respectively. The undoped NCs started with an edge length of 

12.8 ± 3.3 nm, and this dimension grew to 13.7 ± 4.0 nm when anion exchange was performed 

aerobically, compared to 14.2 ± 5.7 nm when the reaction was performed anaerobically. The Yb3+-

doped NCs had a starting edge length of 11.8 ± 2.3 nm that grew to 14.7 ± 4.1 nm under aerobic 

reaction conditions, compared to 14.4 ± 4.3 nm under anaerobic conditions. These data show that 

the large increase in reaction rate and the substantial drop in Yb3+ PLQY observed when using 

aerobic reaction conditions are not accompanied by any detectable change in NC size or 

morphology. The effect of water on Yb3+ PL intensities during anion exchange thus appears to 

have a microscopic origin. 
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Figure 3.5 TEM of NCs Before and After Aerobic or Anaerobic Anion 

Exchange 

TEM images and size distributions of (A-D) undoped CsPbCl3 NCs and (E-H) 

4.1% Yb3+:CsPbCl3 NCs collected before (A, E) and after (B, C, F, G) anion-

exchange conversion to CsPbBr3 and Yb3+:CsPbBr3 NCs using TMS-Br. Anion-

exchange reactions were performed either aerobically (green, rapid reaction) after 

aerating dry hexane, or anaerobically (blue, slow reaction), as indicated in the figure 

and described by Figure 3.4. 

 

We hypothesize that the presence of water may cause Yb3+ to be extruded from the NCs during 

the anion-exchange reaction, thereby eliminating the charge-neutral lattice defect clusters believed 

to be responsible for quantum cutting in these materials.19 Such extraction could be driven by 

coordination of Yb3+ by water, given the high oxophilicity of Yb3+. We have not observed any 

particularly strong sensitivity of Yb3+:CsPb(Cl1-xBrx)3 NCs to water under ambient storage 

conditions, which suggests that the lattice reorganization during anion exchange facilitates this 
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deactivation of Yb3+ PL. These results are particularly striking in light of the opposite trend 

observed in the excitonic PL intensities, which increase when the reaction is performed in the 

presence of water (Figure 3.3B and Appendix 3.6). Although the detailed microscopic mechanism 

of Yb3+ PL deactivation is still not entirely clear, these results highlight the need for dry solvents 

and atmosphere when tuning Eg in quantum-cutting Yb3+:CsPb(Cl1-xBrx)3 NCs via anion exchange.  

 

3.5 Conclusions 

In summary, we have demonstrated the use of anion-exchange chemistries to tune the energy 

gaps of Yb3+:CsPb(Cl1-xBrx)3 NCs continuously from 0 ≤ x ≤ ~1. Quantum cutting is retained for 

x values as large as ~0.75, corresponding to ~2.53 eV (~489 nm). At larger x, a steep drop in PLQY 

is observed that is attributed to crossing an energy-conservation threshold. This threshold is a 

signature of the quantum-cutting mechanism. These results thus demonstrate that it is possible to 

tune Eg of quantum-cutting perovskite NCs over a reasonably large range to optimize these 

materials for solar- or other spectral-conversion technologies, without loss of PLQY. For example, 

for solar spectral downconversion applications involving Si, Yb3+:CsPbCl3 NCs absorb only 

~3.3% of the solar photons above the Si absorption threshold of 1.1 eV (~2.1% of all AM1.5 solar 

photons), but Yb3+:CsPb(Cl0.25Br0.75)3 NCs with the same PLQY can absorb ~13.2% of the solar 

photons absorbed by Si (~8.5% of all AM1.5 solar photons). Absorption of these blue photons and 

remission of that energy by Yb3+ with nearly perfect quantum-cutting energy efficiency may allow 

a sizable reduction in the thermalization losses of Si photovoltaics.  

In addition to demonstrating retention of high PLQYs in quantum-cutting perovskite NCs 

during post-synthetic energy-gap tuning via anion exchange, the experiments here also 

demonstrate that anion exchange does diminish the PLQY substantially if the reaction is performed 

in the presence of water, even when Eg is still well above the quantum-cutting threshold. Water 

accelerates the anion-exchange reaction tremendously, independent of Yb3+, but there is no 

detectable dependence of the NC morphology or average size on this reaction rate, suggesting that 

the loss of Yb3+ PLQY has a microscopic origin. In fact, the excitonic PLQY in undoped NCs 

actually increases when the anion-exchange reaction is performed in the presence of water, 

showing that water's influence is specific to Yb3+. The reduction of Yb3+ PLQY during anion-

exchange reactions performed in the presence of water is tentatively attributed to loss of Yb3+ from 

the internal NC volume, aided by its high oxophilicity. Overall, the results presented here provide 

new fundamental insight into the unique quantum-cutting process displayed by these NCs and also 
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offer valuable practical guidance for tuning the spectral characteristics of such NCs to optimize 

their performance in future solar and photonics applications. 

 

3.6 Experimental 

Materials. Octadecene (ODE) (90%, Acros Organic), oleylamine (OAm) (70%, Sigma 

Aldrich), oleic acid (OA) (90%, Sigma Aldrich), lead acetate trihydrate (Pb(OAc)2·3H2O) (99.9%, 

Baker Chemical), ytterbium acetate hydrate [Yb(OAc)3·xH2O] (99.9%, Alfa Aesar), cesium 

acetate (CsOAc) (99.9%, Alfa Aesar), anhydrous ethanol (200 proof, Decon Laboratories, Inc.), 

trimethylsilyl chloride (TMS-Cl) (98%, Acros Organics), hexanes (further dried over sodium 

benzophenone and distilled, 99%, Fisher Scientific), hydrochloric acid (Macron Fine Chemicals), 

coumarin153 (Exciton), and ethyl acetate (EtOAc) (99%, Sigma Aldrich) were used as received 

unless otherwise noted. 

Synthesis of Yb3+:CsPbCl3 nanocrystals. Quantum-cutting Yb3+:CsPbCl3 NCs were 

synthesized following the procedure detailed in Milstein et al.19 Briefly, 0.2 mmol 

Pb(OAc)2∙3H2O, 0.08 mmol Yb(OAc)·xH2O, and 0.28 mL 1 M CsOAc dissolved in ethanol were 

added to a 50 mL round bottom flask with 5 mL ODE, 1 mL OA, and 0.5 mL OAm. Using Schlenk 

line technique, the reaction vessel was then evacuated and degassed at 110 °C for 1 h. Afterwards, 

the vessel was flushed with N2 and heated to 240 °C whereupon 0.2 mL TMS-Cl in 0.5 mL ODE 

were swiftly injected and the whole flask quenched via a room temperature water bath. After the 

mixture reached room temperature, it was centrifuged for 15 min and the supernatant was 

discarded; the pellet was resuspended in hexanes. The NCs were flocculated out of solution with 

EtOAc. The solution was then centrifuged for 10 min and the supernatant was discarded. The 

solution was resuspended in hexanes and centrifuged for 10 min. The supernatant was filtered 

through a 0.2 μm PTFE filter to obtain the final NC solution. For storage, the NC solution was 

dried down and resuspended in anhydrous solvent in an N2-filled glovebox. All nanocrystal 

solutions were stored with a concentration ~6 mg/mL. For reference, undoped CsPbCl3 NCs were 

synthesized following the same protocol except without Yb(OAc)·xH2O and using only 0.24 mL 

of 1M CsOAc in EtOH. 

Physical characterization. Absorption measurements were performed using an Agilent Cary 

60 spectrometer. Photoluminescence (PL) data were measured using a 375 nm LED for excitation 

and a liquid-N2-cooled silicon CCD mounted on a 0.3 m monochromator for detection. All PL 

spectra were corrected for the instrument's spectral response and, unless specified otherwise, for 
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the optical density of the NCs at the excitation wavelength. PL spectra with constant excitation 

rate were acquired by attenuating the excitation source using a variable-neutral-density filter and 

monitoring the excitation power with a power meter. Nanocrystal TEM images were obtained 

using an FEI TECNAI G2 F20 microscope operated at 200 kV. Samples for TEM were prepared 

by drop casting NCs onto UC-A 400 mesh Cu grids from TED Pella, Inc. The sample grids were 

then dried under vacuum overnight. Three hundred individual NCs per sample were sized to obtain 

the mean NC sizes reported here. Elemental compositions were determined by inductively coupled 

plasma – atomic emission spectroscopy (ICP-AES, PerkinElmer 8300). ICP-AES samples were 

prepared by digesting NCs in concentrated nitric acid overnight with sonication. Powder X-ray 

diffraction data were collected using a Bruker D8 Advance. Samples were prepared by drop casting 

NC suspensions onto silicon substrates. Quantum yields were measured following the 

methodology detailed in Milstein et al.19 Briefly, dilute NCs solutions (ODExciton < 0.2) in sealed 1 

cm path length quartz Spectrocell cuvettes were placed in a teflon integrating sphere fiber optically 

coupled to an LN2-cooled CCD. The samples were excited using a 375 nm LED. All spectra were 

corrected for the wavelength-dependent detector response and attenuation by the optics, 

integrating sphere, fiber optic cable, and monochromator grating. 

Anion exchange using TMS-Br. Anion-exchange reactions were carried out in a 1 cm path 

length FUV quartz Spectrocell cuvette. 30 μL of stock NC solution stored in the glovebox 

(typically stored at 6 mg/mL) was diluted in 2.95 mL of anhydrous hexane (OD at first exciton 

~0.2). Absorption and PL spectra were measured before adding 20 μL 0.1 M TMS-Br to the 

solution in the glovebox. Absorption and PL spectra were monitored continuously until the 

reaction reached completion (next day for full equilibration). For the reactions performed in 

ambient conditions, NCs kept outside of the box were diluted in sintered glass vials to a 

concentration approximately equal to that used for reactions performed in the glovebox. Anion 

exchange was then performed by titration of the NCs with 0.01 M TMS-Br. After each addition of 

TMS-Br, the absorption and PL spectra were measured. Anion exchange reaction variants 

involving the addition of water to anaerobic, dry hexane were carried out by adding ultrapure H2O 

to the solvent under an Ar gas flow followed by vigorous shaking. Reactions involving the addition 

of ambient air to anaerobic hexane was carried out by pipetting ambient air through the reaction 

mixture. The water or air were added before the addition of the bromide reagent. 

Anion exchange using benzoyl bromide. Anion-exchange reactions were carried out 
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similarly to those reported above except 0.1 M and 0.01 M benzoyl bromide solutions were used 

for the reactions performed in and out of the glovebox, respectively.  

Anion exchange using oleylammonium chloride. Oleylammonium chloride (OAm-HCl) was 

synthesized by reacting oleylamine with HCl following previous reports of their use in CsPbCl3 

NC preparation.28 A 56 mM OAm-HCl solution in a 1:1 (v/v) solution of toluene and hexane was 

titrated with Yb3+:CsPbBr3 (prepared by anion exchanging Yb3+:CsPbCl3 NCs with TMS-Br in 

anaerobic, dry conditions) via dropwise addition and monitored using absorption and PL 

spectroscopies (detailed above). 

Kinetics measurements. Anion-exchange reactions were initiated in a glovebox and the 

absorption monitored at 375 nm using the kinetics mode of an Agilent Cary 60. For some 

experiments, 0.5 μL of nanopore water was added to 3 ml of the NC solution under argon gas flow. 

For aerobic experiments, a glass pipette was used to bubble ambient air through the solution for 

about 5 s before anion exchange. 
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3.8 Appendices 

 
Appendix 3.1. High-resolution TEM images. TEM images of 7.7% 

Yb3+:CsPbCl3 (A) before and (B) after anaerobic anion exchange with TMS-Br in 

dry hexane. Insets: FFTs of the respective NCs imaged. 
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Appendix 3.2. In-situ PL monitoring of chloride-to-bromide anion exchange 

using constant excitation rate. (A) Absorption spectra of 7.7% Yb3+:CsPbCl3 NCs 

monitored in situ during anion exchange using TMS-Br. (B) PL spectra collected 

in situ during the same reaction as in panel A. PL spectra were measured using 375 

nm excitation at a constant NC excitation power (40 mW through a 1mm pinhole). 

(C) Scatterplot of the Yb3+ 2F5/2 → 2F7/2 PL intensity vs the exciton PL wavelength 

from the spectra in B (blue) with the data from Figure 2C (red) in which the sample 

was excited with constant excitation rate. 

 

 
Appendix 3.3. Chloride-to-bromide-to-chloride anion exchange. Scatterplots 

detailing the forward anion exchange of 7.5% Yb3+:CsPbCl3 NCs using TMS-Br in 

anaerobic, dry hexane (red) and the reverse anion exchange back to the chloride via 

titration of OAm-HCl dissolved in an (A) anaerobic, dry or (B) ambient 

toluene:hexane (1:1, v:v) solution (blue). The NCs were excited at 375 nm and the 

PL spectra were corrected for their evolving absorption at 375 nm.34 
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Appendix 3.4. In-situ optical monitoring of chloride-to-bromide anion 

exchanges in ambient and anaerobic, dry solvents. (A,C,E,G) Absorption and 

(B,D,F,H) PL spectra of the data corresponding to Figure 2. 5.5% Yb3+:CsPbCl3 

NCs were reacted with TMS-Br and benzoyl bromide in ambient or anaerobic and 

dry hexane (purple to green). All PL spectra were measured using 375 nm 

excitation operating at constant power and corrected for the evolving optical density 

at 375 nm. 

 
Appendix 3.5. TEM images before and after anion exchange. TEM images of 

undoped CsPbCl3 NCs (A) before and (B) after anion exchange using TMS-Br in 

anaerobic and dry conditions. 
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Appendix 3.6. Comparison of chloride-to-bromide anion exchange in ambient 

and anaerobic, dry conditions. (A,C) Absorption and (B,D) corresponding PL 

spectra of the anion exchange of CsPbCl3 NCs using TMS-Br in aerobic (C,D) or 

anaerobic and dry reaction conditions (A,B) (purple to green). (E) Integrated 

exciton emission against the exciton PL wavelength for the reactions corresponding 

to A-D. 

 
Appendix 3.7. Replicability of chloride-to-bromide anion exchange several 

weeks after synthesis. Yb3+ 2F5/2 → 2F7/2 PL intensity vs the exciton PL wavelength 

for the anion exchange of 6.6% Yb3+:CsPbCl3 using TMS-Br anaerobically in dry 

hexane repeated 2 and 5 weeks after synthesis. Emission intensity is relative to the 

Yb3+:Coumarin153 integrated PL ratio. 
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Chapter 4 The Near-Band-Edge Defect State 

in Rare-Earth-Doped Lead-Halide 

Perovskites 
 

 
 

Reprinted with permission from Milstein, T. J.; Roh, J. Y.; Jacoby, L. M.; Crane, M. J.; Sommer, 

D. E.; Dunham, S. T.; Gamelin, D. R. Ubiquitous Near-Band-Edge Defect State in Rare-Earth-

Doped Lead-Halide Perovskites. Chem. Mater., submitted. Copyright 2022. American Chemical 

Society. 
 

 

 

Abstract. CsPb(Cl1-xBrx)3 (0 ≤ x ≤ 1) nanocrystals and thin films doped with a series of trivalent 

rare-earth ions (RE3+ = Y3+, La3+, Ce3+, Gd3+, Er3+, Lu3+) have been prepared and studied using 

variable-temperature and time-resolved photoluminescence spectroscopies. We demonstrate that 

aliovalent (trivalent) doping of this type universally generates a new and often-emissive defect 

state ca. 50 meV inside the perovskite band gap, independent of the specific RE3+ dopant identity 

or of the perovskite form (nanocrystals vs thin films). Chloride-to-bromide anion exchange is used 

to demonstrate that this near-band-edge photoluminescence shifts with changing band-gap energy 

to remain just below the excitonic luminescence for all compositions of CsPb(Cl1-xBrx)3 (0 ≤ x ≤ 

1). Computations show that this shift stems from the effect of the changing lattice dielectric 

constants on a shallow defect-bound exciton. Microscopic descriptions of this dopant-induced 

near-band-edge state and its relation to quantum cutting in Yb3+-doped CsPb(Cl1-xBrx)3 are 

discussed. 
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4.1 Introduction 

Trivalent rare-earth (RE3+) doping of all-inorganic lead-halide perovskites (CsPbX3, X = 

halide) has recently attracted broad interest. In CsPbI3, Eu3+ and Yb3+ dopants have been found to 

enhance stability of the desired α-phase and to yield superior photovoltaic efficiencies compared 

to their undoped counterparts.1-2 Another study reported enhancement of power conversion 

efficiencies (PCEs) from 7% in solar cells based on undoped CsPbBr3 to ~10% in cells using RE3+-

doped CsPbBr3 (RE3+:CsPbBr3, where RE3+ = Sm3+, Tb3+, Ho3+, Er3+, Yb3+).3 RE3+ doping has 

also been reported to enhance excitonic photoluminescence quantum yields (PLQYs), even for 

RE3+ ions that are spectroscopically innocent (i.e., lacking electronic transitions of their own within 

the perovskite energy gap), such as Y3+,4 La3+,4 Ce3+,5-6 Gd3+,7 and Lu3+.4 Other RE3+ dopants that 

do have internal electronic excited states at mid-gap energies have been used to generate new near-

infrared (NIR) and/or visible emission from lead-halide perovskites through PL sensitization.8-9  

Particularly notable is the observation of PLQYs exceeding 100% in Yb3+:CsPb(Cl1-xBrx)3 

perovskites.8-27 This phenomenon occurs via "quantum cutting", in which absorption of a high-

energy photon generates emission of two Yb3+ 2F5/2  → 2F7/2 photons in the NIR, each at ca. half 

the absorbed photon's energy. It has been hypothesized12 that quantum cutting in Yb3+:CsPb(Cl1-

xBrx)3 is facilitated by a defect state associated with charge compensation of the aliovalent Yb3+ 

dopants. Transient-absorption measurements have demonstrated perovskite exciton-bleach 

recovery on the timescale as short as a few picoseconds upon Yb3+ doping,12 but Yb3+ PL shows a 

rise time of ~8 ns,22 supporting participation of an intermediate state in this quantum-cutting 

mechanism. The strong PLQY dependence on the CsPbX3 energy gap in the region of Eg ~ 2xEf-f 

further suggests that this intermediate state must be close in energy to the exciton.18 An interesting 

related hypothesis is that the quantum-cutting intermediate state involves capture of a 

photogenerated conduction-band electron by an individual Yb3+ ion to form Yb2+, which 

subsequently relaxes to excite two Yb3+ ions to their 2F5/2 excited states.23, 27 One approach to refine 

the above hypotheses experimentally is to examine the photophysical effects of spectroscopically 

innocent RE3+ dopants in CsPbX3 perovskites. Despite numerous studies of RE3+:CsPbX3 aimed 

at applications, the more general effects of aliovalent RE3+ doping in lead-halide perovskites are 

not yet well characterized. Such fundamental studies will improve the understanding of aliovalent 

doping in these materials, and of the ensuing photophysical consequences.  

To this end, we report here an investigation of the low- and variable-temperature PL of a series 
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of RE3+:CsPb(Cl1-xBrx)3 nanocrystals (NCs) and thin films to understand the effects of RE3+ 

dopants on the perovskite electronic structure and photophysics. To ensure we are only probing 

structural and electrostatic effects, we focus primarily on RE3+ dopants that have no interfering f-

f, d-d, f-d, or charge-transfer transitions within the perovskite energy gap (Y3+, La3+, Ce3+, Gd3+, 

and Lu3+). These experiments reveal that all of these spectroscopically innocent RE3+ dopants give 

rise to similar near-band-edge (NBE) PL at low temperatures, characterized by a binding energy 

of ~50 meV. Intense NBE PL is observed for 0 ≤ x ≤ 1, with a binding energy that decreases 

slightly on converting from RE3+:CsPbCl3 to RE3+:CsPbBr3, attributable to the increasing 

dielectric constants of the perovskite lattice across this series. The NBE PL also shows a strong 

temperature dependence that suppresses most intensity above ~100 K, but it is still clearly 

manifested in time-resolved PL measurements at room temperature, indicating that this state 

remains influential. The study is further extended to Er3+:CsPb(Cl1-xBrx)3, which also displays the 

same NBE PL at low temperature despite having internal f-f excited states within the perovskite 

energy gap. The RE3+ dopants examined here thus span the full range of lanthanide atomic numbers 

and include the non-lanthanide, Y3+. Consequently, we conclude that all trivalent substitutional 

dopants will generate the same NBE defect state in CsPbX3 perovskites. These results have 

interesting ramifications for interpretation of doping effects on both the photophysical and 

electronic properties of lead-halide perovskites and they inform the development of doped 

perovskites for future optoelectronic technologies. 

 

4.2 Nanocrystals.  

Figures 4.1A,B show room-temperature absorption and PL data for CsPbCl3 and 7.7% 

Gd3+:CsPbCl3 NCs, respectively. Doping concentrations are determined analytically using ICP-

OES and reported with respect to all B-site cations. Despite the large Gd3+ content in the doped 

NCs, their absorption spectrum closely resembles that of undoped CsPbCl3 NCs. The room-

temperature PL spectrum of the Gd3+-doped NCs also closely matches that of the undoped CsPbCl3 

NCs. The Stokes shift between the excitonic absorption and PL maxima is small (~22 meV peak-

to-peak) for both samples. Figure 4.1C plots X-ray diffraction data collected for the NCs from 

Figures 4.1A,B. The observation of very similar diffraction angles despite high Gd3+ incorporation 

is attributed to the offsetting structural effects of charge-compensating Pb2+ vacancies.28 Figures 

4.1D,E show representative TEM images of the NCs from Figures 4.1A,B, respectively. The 
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CsPbCl3 and 7.7% Gd3+:CsPbCl3 NCs have an average edge-to-edge length of 10.9 ± 2.1 and 11.5 

± 4.0 nm, respectively. These NCs are larger than the CsPbCl3 Bohr exciton diameter of ~5 nm,29 

and consequently no quantum confinement is expected. Overall, Gd3+-doped and undoped CsPbCl3 

NCs are thus essentially indistinguishable in these measurements.  

 

 
Figure 4.1 Physical Characterization of CsPbX3 and Gd3+:CsPbX3 NCs. 

(A, B) Room-temperature absorption and PL spectra of CsPbCl3 (panel A) and 

7.7% Gd3+:CsPbCl3 (panel B) NCs. (C) X-ray diffraction patterns of the NCs from 

panels A, B. Reference orthorhombic CsPbCl3.
30 (D, E) TEM images of the NCs 

from panels A, B. Scale bar: 50 nm. (F, G) Room-temperature absorption and PL 

spectra of CsPbBr3 (panel F) and 7.7% Gd3+:CsPbBr3 (panel G) NCs. (H) X-ray 

diffraction patterns of the NCs from panels F, G. Reference orthorhombic 

CsPbBr3.
30 (I, J) TEM images of the NCs from panels F, G. Scale bar: 50 nm. 

 

 

The same similarity is found between doped and undoped CsPbBr3 NCs. Figures 4.1F,G show 

room-temperature absorption and PL spectra of CsPbBr3 and 7.7% Gd3+:CsPbBr3 NCs made from 

the parent chloride NCs by anion exchange. The room-temperature absorption and PL spectra of 

the Gd3+-doped NCs again closely resemble those of the undoped CsPbBr3 NCs. Likewise, Figure 

4.1H shows X-ray diffraction data collected for the NCs from Figures 4.1F,G, and these also look 

indistinguishable. Figures 4.1I,J show representative TEM images of the NCs from Figures 

4.1F,G. The CsPbBr3 and 7.7% Gd3+:CsPbBr3 NCs have average edge-to-edge lengths of 11.6 ± 

2.4 and 12.9 ± 3.8 nm, respectively. These sizes relative to those in panels D and E are consistent 
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with expectations from replacement of chloride anions with larger bromide anions during anion 

exchange. The CsPbBr3 NCs are larger than the CsPbBr3 Bohr exciton diameter of ~7 nm,29 and 

hence, quantum confinement effects are again not expected. 

Although the PL spectra of Gd3+-doped and undoped CsPb(Cl1-xBrx)3 NCs look essentially 

identical at room temperature, major differences emerge at low temperatures. Figure 4.2A plots 14 

K PL spectra of a series of Gd3+:CsPbCl3 NCs with doping concentrations ranging from 0.0 to 

9.3%. A small low-energy tail is observed in the 14 K PL spectrum of the undoped CsPbCl3 NCs 

that is attributable to radiative surface trap states (see Appendix). As doping increases, there is a 

dramatic increase in PL intensity of a near-band-edge (NBE) feature ~50 meV below the excitonic 

PL. The NBE-to-exciton PL intensity ratio (INBE/Iexc) increases 20-fold going from 1.5 to 9.3% 

Gd3+, demonstrating that this NBE emission is indeed induced by Gd3+ doping. Figure 4.2B 

summarizes the exciton-to-NBE splitting energies (ΔE) from the data in Figure 4.2A, plotting ΔE 

vs the Gd3+ doping concentration. From this plot, ΔE increases slightly with increasing doping 

concentration, growing by ~3.5 meV per %Gd3+. Overall, the NBE emission is qualitatively 

unchanged between 1.5 and 9.3% Gd3+. Importantly, the half-filled (4f7) ground electronic 

configuration of Gd3+ pushes its lowest-energy f-f and charge-transfer transitions all to very high 

energies (~4 eV), well above the perovskite energy gaps investigated here, so we can conclude that 

this NBE emission does not come from any electronic excited state of Gd3+ itself. 

 

 
Figure 4.2 Low-Temperature PL of RE3+:CsPb(Cl1-xBrx)3 NCs. 

(A) 14 K PL spectra of a series of Gd3+:CsPbCl3 NCs with different Gd3+ doping 

levels (1.5%, 7.2%, 9.3%), collected using CW 375 nm excitation. (B) The exciton-
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to-NBE PL splitting energy, ΔE, plotted vs the Gd3+ B-site cation mole fraction, 

from panel A. The dashed line shows a linear best fit of the data, yielding the 

relationship ΔE = [35.0 + 3.5*(%Gd3+)] meV. (C) 14 K PL spectra of 7.1% 

Gd3+:CsPb(Cl1-xBrx)3 (x = 0.00, 0.35, 1.00) NCs, collected using 375 nm (x = 0) or 

405 nm (x ≈ 0.35, 1.00) excitation. (D) Comparison of experimental ΔE values for 

Gd3+-doped CsPbCl3 and CsPbBr3 NCs from panel C with calculated binding 

energies of the exciton to VPb in CsPbCl3 and CsPbBr3 (see text). (E) 14 K PL 

spectra of CsPbBr3 NCs doped with 10.5% Y3+, 8.5% La3+, 7.6% Ce3+, 10.3% Gd3+, 

9.6% Er3+, and 7.4% Lu3+. The bottom spectrum is of undoped CsPbBr3 NCs. (F) 

ΔE plotted vs the RE3+ atomic number for the series of RE3+-doped CsPbBr3 NCs 

from panel E. The gray bar is a guide to the eye. The error bars on the experimental 

ΔE values are estimated from the fitting analysis (see Appendix). 

 

 

To explore this NBE emission further, we examined its dependence on the CsPb(Cl1-xBrx)3 

energy gap, using anion exchange to tune that gap. ICP measurements performed before and after 

anion exchange and washing show no statistically significant change in the dopant concentration. 

Figure 4.2C plots the 14 K PL spectra of ~7.1% Gd3+:CsPb(Cl1-xBrx)3 NCs at three different 

bromide concentrations (x = 0.00, ~0.35, 1.00), all stemming from the same parent 7.1% 

Gd3+:CsPbCl3 NCs (x = 0.00). The NBE PL remains distinct below the excitonic PL in all 

compositions. When comparing x = 0.00 to x = 1.00, the NBE feature appears to be closer to the 

exciton in the latter. The NBE band shape is also noticeably broader in the intermediate (x = 0.35) 

spectrum, suggesting that its energy is sensitive to microscopic heterogeneities introduced in the 

mixed-halide composition. Figure 4.2D illustrates that ΔE vs x decreases from 58 meV at x = 0.00 

to 47 meV at x = 1.00.  

To test the assertion that the NBE PL observed in Gd3+-doped CsPb(Cl1-xBrx)3 NCs does not 

come from any electronic excited state of Gd3+ itself, we compare the low-temperature PL spectra 

of a series of RE3+-doped CsPbBr3 NCs, where RE3+ = Y3+, La3+, Ce3+, Gd3+, Lu3+. Most of this 

series of RE3+ ions possess either closed- or half-filled f-shell configurations. Ce3+ (4f1) often 

shows an f-d transition at relatively low energies, but this transition falls outside of the CsPbBr3 

band gap.31 Figure 4.2E plots 14 K PL spectra of this series of samples in comparison with the 

spectrum of undoped CsPbBr3 NCs. Although there are differences in INBE/Iexc, the characteristic 

NBE PL is observed in every RE3+-doped NC sample of this series. Moreover, this NBE PL is not 

limited to spectroscopically innocent RE3+ dopants: Figure 4.2E also plots the low-temperature PL 

spectrum of 9.6% Er3+:CsPbBr3 NCs, and this, too, shows very similar NBE PL. The dependence 

of the NBE PL on halide in Er3+:CsPb(Cl1-xBrx)3 NCs is essentially identical to that shown in Figure 
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4.2C (see Appendix). No other lower-energy f-f emission is observed in any of these Er3+-doped 

NCs. Figure 4.2F plots ΔE vs RE3+ atomic number for this RE3+:CsPbBr3 NC series, showing that 

in all cases, ΔE = 49 ± 15 meV. This result allows the conclusion that this NBE defect state is 

ubiquitous in RE3+-doped CsPbX3 perovskite NCs. We thus equate the spectroscopic energy 

difference (ΔE) with the binding energy (Eb) of an exciton to a dopant-induced defect. 

To understand the properties of this NBE state in greater detail, we performed variable-

temperature (VT) PL measurements. Figure 4.3A plots VTPL spectra of CsPbBr3 NCs collected 

from 14 to 296 K. Like in the undoped CsPbCl3 NCs, the low-temperature spectrum shows a weak 

tail below the exciton, attributed to surface states (see appendix). Figure 4.3B plots VTPL spectra 

collected over the same temperature range for 7.7% Gd3+:CsPbBr3 NCs. In both samples, Iexc 

increases with increasing temperature until ~90 K before turning over and decreasing again up to 

room temperature. In contrast, INBE in the Gd3+:CsPbBr3 NCs only decreases as the temperature 

increases, and by ~200 K this feature is no longer discernable. Figure 4.3C plots the total integrated 

PL intensity (Itot) for both samples as a function of temperature and normalized to the intensity at 

14 K. Despite the large spectral changes observed in the doped NC spectra, both samples show 

essentially the same gradual decrease of Itot with increasing temperature. Figure 4.3D plots Iexc/Itot 

and INBE/Itot separately at each temperature for the Gd3+:CsPbBr3 NCs. INBE/Itot is greatest at 14 K 

and decreases as the temperature is raised. Iexc/Itot shows the opposite temperature dependence, 

such that by room temperature the PL spectrum is essentially entirely excitonic. Remarkably 

similar results were also found in a VTPL comparison of CsPbCl3 and Gd3+:CsPbCl3 NCs (see 

appendix). These data show that the overall temperature dependence is independent of Gd3+ 

doping, and must therefore relate to other thermally activated nonradiative recombination 

pathways native to CsPb(Cl1-xBrx)3 NCs, but changing the temperature dramatically alters the 

relative probabilities of NBE vs excitonic PL. Because of its lower energy, the NBE PL intensity 

increases as the temperature is lowered. These data also suggest that these two states are not in 

simple thermal equilibrium with one another, however, because in this limit, no excitonic PL 

would be observed at 14 K, given the ~50 meV binding energy of the NBE state (see Appendix). 
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Figure 4.3 Variable-Temperature PL of CsPbBr3 and Gd3+:CsPbBr3 NCs. 

PL spectra measured from 14 to 296 K of (A) CsPbBr3 and (B) 7.7% Gd3+:CsPbBr3 

NCs, collected using CW 405 nm (3.06 eV) excitation. (C) Total integrated PL 

intensity plotted as a function of temperature, normalized to the PL intensity at 14 

K (Open circles: CsPbBr3 NCs; Solid circles: 7.7% Gd3+:CsPbBr3 NCs). The 

dashed lines are guides to the eye. (D) Temperature dependence of the integrated 

exciton (open triangles) and NBE (solid triangles) PL intensities from the 7.7% 

Gd3+:CsPbBr3 NC data in panel B, normalized to the total PL intensity at each 

temperature. 

 

 

To examine the dynamics associated this NBE state, time-resolved PL measurements were 

performed at various temperatures and the results are summarized in Figure 4.4. Figures 4.4A,B 

plot representative streak-camera images of the first 20 ns of PL decay from CsPbBr3 and 7.7% 

Gd3+:CsPbBr3 NCs, respectively, collected at 14 K. Figure 4.4C plots a streak-camera image of 

the same Gd3+:CsPbBr3 NC PL decay, but now covering a much longer time window (> 400 ns). 

Over the first 20 ns, the two samples show similar excitonic PL decay. Whereas no substantial 

further PL is observed in the undoped NCs, the Gd3+:CsPbBr3 NCs show additional NBE PL decay 

at lower energy and over longer times. Figures 4.4D,E plot excitonic PL decay traces for the 

undoped CsPbBr3 and 7.7% Gd3+:CsPbBr3 NCs taken from such streak-camera images, and now 



86 
 

include data collected at several temperatures from 14 to 296 K. The doped and undoped NCs 

show very similar temperature dependence of their excitonic PL decay. At low temperatures, ~90% 

of the excitonic PL is depleted within ~2.5 ns for both samples. In both samples, the excitonic PL 

decay gets progressively slower as the temperature is raised, such that at room temperature it takes 

nearly 8 ns to deplete 90% of the excitonic PL in the undoped NCs and nearly 18 ns in the Gd3+-

doped NCs. Figure 4.4F plots PL decay curves for the NBE PL of the 7.7% Gd3+:CsPbBr3 NCs 

measured at the same series of temperatures. The NBE PL decay is much slower than the excitonic 

PL decay, and it appears independent of temperature until ~150 K, above which it begins to shorten 

slightly (See Appendix for complete analysis). Power-law behavior is noted for the last ~10% of 

NBE emission (see Appendix), suggesting delayed PL. Notably, the exciton and NBE decay 

dynamics never converge, as would be required in the limit of thermal equilibrium. These TRPL 

data thus confirm the conclusion drawn from the VTPL spectra that the exciton and NBE 

populations are not in simple thermal equilibrium with one another; a subset of excitons appears 

unaffected by the introduction of Gd3+. 

 

 

Figure 4.4 Variable-Temperature, Time-Resolved PL of CsPbBr3 and 

Gd3+:CsPbBr3 NCs. 

Streak-camera images of the 14 K TRPL from (A) CsPbBr3 NCs and (B, C) 7.7% 

Gd3+:CsPbBr3 NCs. Note the long time scale of panel C. Similar streak-camera data 

were collected at multiple temperatures between 14 K and room temperature. (D) 

Variable-temperature exciton PL decay traces for the CsPbBr3 NCs from panel A, 

measured from 14 K (blue) to room temperature (red), extracted from streak-

camera data. (E) Variable-temperature exciton PL decay traces for the 7.7% 



87 
 

Gd3+:CsPbBr3 NCs, as in panel D. (F) Variable-temperature NBE PL decay traces 

for the 7.7% Gd3+:CsPbBr3 NCs, as in panel C. Note the long time scale of panel 

C. The black curves in panels D, E, and F show the instrument response functions 

for each measurement. For the Gd3+:CsPbBr3 NC decay traces in panels E and F, 

the exciton PL decay was integrated between 510-525 nm (13 – 80 K), 500-520 nm 

(100 – 150 K), or 490-515 nm (200 – 296 K), and the NBE PL was integrated 

between 535-585 nm (13 – 30 K) or 530-575 nm (45 – 150 K), or 520-555 nm (200 

– 296 K) . 

 

4.3 Thin Films 

To test the potential role of high surface-to-volume ratios in generating this NBE PL, we 

prepared and examined the spectroscopy of analogous thermally evaporated thin films of CsPbBr3 

and Gd3+:CsPbBr3. Figure 4.5A shows photographs of representative thin films of CsPbBr3 and 

9.3% Gd3+:CsPbBr3, placed on top of white paper with drawn lines to illustrate their color, size, 

and transparency. Both perovskite films are ~0.2 μm thick. The films possess excellent optical 

quality, showing minimal scattering. Figure 4.5B plots X-ray diffraction data collected for the 

samples in Figure 4.5A. Both samples show diffraction consistent with orthorhombic CsPbBr3. 

Figures 4.5C,D plot room-temperature absorption and PL spectra of the undoped and doped thin 

films, respectively. Both absorption spectra show a well-defined exciton peak at ~515 nm, and 

both also show sub-bandgap interference fringes consistent with the film thickness. Weak exciton 

emission is observed from both samples at room temperature. Overall, the two samples appear 

very similar at room temperature, just as the doped and undoped NCs did.  
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Figure 4.5 Characterization of Evaporated CsPbBr3 and Gd3+:CsPbBr3 Thin 

Films. 

(A) Photo of representative thermally evaporated perovskite thin films deposited 

on glass substrates. Left: CsPbBr3; Right: 9.3% Gd3+:CsPbBr3. Grid spacing: 2 cm. 

Both films are ~0.2 μm thick (B) X-ray diffraction data for CsPbBr3 and 9.3% 

Gd3+:CsPbBr3 thin films. A reference X-ray diffraction pattern for orthorhombic 

CsPbBr3 is included for comparison.30 Room-temperature absorption and PL 

spectra of representative (C) undoped CsPbBr3 and (D) 9.3% Gd3+-doped CsPbBr3 

thin films. 

 

  

Figures 4.6A,B plot VTPL spectra of the CsPbBr3 and 9.3% Gd3+:CsPbBr3 thin films measured 

from 15 to 296 K. Both samples show a distinct NBE emission feature ΔE ~ 50 meV below the 

exciton emission, but this feature is four times larger in the Gd3+-doped sample at 15 K. The NBE 

PL bandshape is narrower in the Gd3+-doped thin film than in the corresponding NCs, consistent 

with the conclusion drawn above that this feature is susceptible to inhomogeneous broadening. 

These results demonstrate that this NBE PL is indeed induced by Gd3+ doping. Because the 

surface-to-volume ratios of these thin films are orders of magnitude smaller than in the NCs, we 

conclude that the NBE PL is not associated with surfaces. These results also suggest that the NBE 

PL induced by Gd3+ doping has a native analog in undoped bulk CsPbX3, i.e., the native defect 

responsible for the NBE PL observed in the undoped CsPbBr3 data of Figure 4.6A. A similar sub-

bandgap PL feature has indeed been observed in other bulk CsPbBr3 samples, but its assignment 

has varied. It has been attributed to bound excitons at structural defects, and to a Rashba effect 

induced by dynamic fluctuations in the position of the A-site cation, Cs+.32-34 For both samples in 

Figure 4.6, Iexc decreases rapidly with increasing temperature, in contrast with the NCs. Figure 

4.6C plots Itot(T)/Itot(15 K) as a function of temperature for each sample. Both data sets show the 

same rapid decrease in Itot between 15 and 80 K, indicative of efficient thermally activated 

nonradiative recombination. By room temperature, both samples have lost over 99% of their 15 K 

PL intensity. Figure 4.6D plots Iexc/Itot and INBE/Itot for the Gd3+:CsPbBr3 thin film, measured from 

15 K to room temperature. INBE/Itot is greatest at 15 K and decreases as the temperature is raised. 

By 40 K, Iexc exceeds INBE, and the latter drops to nearly 0 by ~70 K. The values of ΔE and the 

temperature dependence of both Iexc/Itot and INBE/Itot are thus very similar to those observed in the 

analogous NCs, despite the fact that the thin-film emission is far more susceptible to thermal 

quenching. This observation supports attribution of this NBE PL feature to the same RE3+-induced 
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defect in both NC and thin-film samples. 

 

 

Figure 4.6 Variable-Temperature PL of Evaporated CsPbBr3 and 

Gd3+:CsPbBr3 Thin Films. 

Photoluminescence spectra of (A) 9.3% Gd3+-doped CsPbBr3 thin film and (B) 

CsPbBr3 thin film collected at temperatures of 15, 20, 25, 30, 35, 40, 45, 50, 60, 70, 

80, 100, 125, 150, 200, 250, 300 K. (C) Integrated PL intensities from panels A and 

B, plotted vs temperature. Open circles: CsPbBr3; Filled circles: 9.3% 

Gd3+:CsPbBr3. (D) Temperature dependence of the integrated exciton (open 

triangles) and NBE (solid triangles) PL intensities from the Gd3+:CsPbBr3 data in 

panel B, normalized to the total PL intensity at each temperature. 

 

 

4.4 Calculated Exciton-Binding Energies 

Previously,28 we applied first-principles electronic-structure calculations and a thermodynamic 

model to investigate the effects of Yb3+ doping in single-crystalline CsPbCl3. These calculations 

identified conditions under which locally bound charge-neutral [2YbPb + VPb]
0 defect complexes 

become prevalent and also revealed significant [YbPb + VPb]
- defect formation. Examination of the 

electronic properties of such defect complexes showed shallow binding of both electrons and 

holes. The predicted defect structures arise from the electrostatics of aliovalent doping and were 

thus largely independent of the specific RE3+ dopant, in good agreement with experiment (Figure 
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4.2). We now show that the shallow exciton binding predicted by these calculations follows the 

same trend as observed experimentally in Figures 4.2C,D. 

To assist interpretation of the experimental data, we consider here charge-carrier trapping to a 

shallow defect. For illustration, we assume that a doubly charged Pb2+ vacancy (VPb
2−) provides the 

dominant contribution to an exciton bound by the charge-neutral [2REPb + VPb]
0 defect complex, 

although the same conclusions are drawn for any shallow defect. In the Born-Oppenheimer 

adiabatic approximation, this shallow acceptor-bound exciton (AX) is described by the effective 

Hamiltonian, 

𝐻𝐴𝑋 =  −
1

2
∇1

2 −
1

2𝜎
∇2

2 −
𝑞𝑑
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written in atomic units with respect to the electron effective mass (𝑚𝑒
∗) and the static dielectric 

constant (𝜖𝑠). The distances separating the conduction-band (CB) electron and valence-band (VB) 

hole from the VPb
2− are denoted 𝑟1 and 𝑟2, respectively, and the ratio of their effective masses is 

𝜎 = 𝑚ℎ
∗ /𝑚𝑒

∗ . The nominal charge state of the VPb
2− is 𝑞𝑑 = −2, and its interactions with the excited 

electron-hole pair are screened according to 𝜖𝑆 of the material. In lead-halide perovskites, large 

differences between static and high-frequency (𝜖∞) dielectric constants imply strong Fröhlich 

couplings, 
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between charge carriers and longitudinal optical (LO) phonons, with characteristic excitation 

energy, 𝐸𝐿𝑂. To account for phonon screening effects, we model the electron-hole interaction 

following the work of Haken,35-36 
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where effective length scales for electron- and hole-polarons are defined by 

𝑙𝑒,ℎ = √ℏ2 2𝑚𝑒,ℎ
∗⁄ 𝐸𝐿𝑂                                                        (4.4) 

Dynamical screening by LO phonons also leads to renormalized effective masses,37 

𝑚̃𝑒,ℎ
∗ = 𝑚𝑒,ℎ

∗ (1 + 𝛼𝑒,ℎ 6⁄ )                                                     (4.5) 

which are accounted for in the kinetic energy terms in 𝐻𝐴𝑋. For consistency, we treat the free 

exciton (X) with the same level of theory, described by the Hamiltonian 

𝐻𝑋 =  −
1

2
∇2 + 𝑉𝐻(𝑟)                                                         (4.6) 
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in the center-of-mass frame of the free exciton. To parameterize these models, we used ab initio 

dielectric constants, effective masses, and LO phonon energies reported38 for CsPbX3 (X = Cl, Br, 

I) in the low-temperature, orthorhombic (Pnma) perovskite phase. These quantities were calculated 

from density functional theory (DFT) and the GW-Bethe-Salpeter equation (GW-BSE) method.38 

Ground states of 𝐻𝐴𝑋 and 𝐻𝑋 were determined by the variational method.28 

Table 1 summarizes the results of our variational ground-state calculations of free-exciton (𝐸𝑋) 

and VPb
2−-bound-exciton (𝐸𝐴𝑋) energies, along with the specific ab initio parameters used for those 

calculations. Table 1 also includes experimental exciton-binding energies (𝐸𝑋
exp

) for comparison.39-

41 For CsPbBr3, we find good agreement between our calculated 𝐸𝑋 and the experimental values.39-

41 Although the discrepancy is larger for CsPbCl3, it is smaller than for other reported 

computational values (e.g., 146 meV in ref. 38). We note that the authors of ref. 38 found reductions 

of 12% to 17% in the exciton binding energy in the CsPbX3 series due to phonon screening. 

 

Table 4.1. Parameterized ab initio constants and exciton energies in CsPbX3 (X 

= Cl, Br, I) doped with RE3+ impurities. Experimental defect-binding energies 

(ΔEexp, Gd3+) from Figure 4.2 are compared with the difference between free-

exciton and VPb
𝟐−-bound-exciton energies, ∆𝑬𝐜𝐚𝐥𝐜  =  |𝑬𝑨𝑿 − 𝑬𝑿|. 

  
 𝐸𝐿𝑂 

[meV] 
𝜖𝑠 𝜖∞ 𝑚ℎ

∗  𝑚𝑒
∗  

𝐸𝐴𝑋 

[meV] 

𝐸𝑋 

[meV] 

𝐸𝑋
exp

 

[meV] 

∆𝐸calc  

[meV] 

 ∆𝐸exp 

[meV] 

CsPbCl3 26 17.5 3.7 0.28 0.30 -158.9 -104.4 -72,39  

-6441 

54.5 58 ± 6  

CsPbBr3 18 18.6 4.5 0.20 0.21 -79.3 -40.3 -38,39  

-3340 

39.0 47 ± 6 

CsPbI3 14 22.5 5.5 0.20 0.18 -44.9 -21.3 -1540 23.6 N/A 

 

 

From these calculations, the energy differences |𝐸𝐴𝑋 − 𝐸𝑋| are then used to approximate the 

splitting energy between exciton and NBE emission probed experimentally. The calculations show 

∆𝐸calc  =  |𝐸𝐴𝑋 − 𝐸𝑋| decreasing as the halide atomic number increases in the CsPbX3 series. This 

trend essentially reflects the changing dielectric constants across this series: Coulomb interactions 

are more effectively screened in lattices with heavier halides. Phonon screening does contribute to 

the predicted values of ∆𝐸calc, however. For example, the computed value of ∆𝐸calc in CsPbCl3 

neglecting phonon screening is 108.6 meV, compared to 54.5 meV in Table 4.1.  
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The calculated splitting energies are compared with the experimental values of ΔE in Table 1 

and Figure 4.2D. The quantitative agreement between calculated and experimental magnitudes of 

ΔE may be fortuitous, given that these calculations have assumed that exciton binding is dominated 

by VPb
2−, whereas REPb

+ may also contribute significantly. For example, solving eq 4.3 for trapping 

an exciton to a single shallow +1 donor defect like REPb yields ∆𝐸calc  =  |𝐸𝐷𝑋 − 𝐸𝑋| = 18.1 (Cl), 

10.0 (Br), and 7.4 (I) eV, and carrier binding to a more complex defect cluster involving both 

donor and acceptor defects is even more complicated. Critically, the calculations predict the 

decrease in ΔE with increasing halide atomic number well, from which we conclude that the 

decrease in ΔE observed in Figure 4.2 on changing from RE3+:CsPbCl3 to RE3+:CsPbBr3 results 

from increased dielectric screening rather than from any specific electronic-structure property of 

the trap state itself (e.g., relative electron vs hole binding). We note that we were unsuccessful in 

our attempts to synthesize RE3+:CsPbI3 NCs via anion exchange or direct methods; these 

calculations thus provide a prediction for ΔE in CsPbI3 that remains to be tested experimentally.  

 

4.5 RE3+ Doping, Shallow Defects, and Related Observations 

The data and analysis presented above describe the appearance of a prominent NBE PL feature 

in CsPb(Cl1-xBrx)3 NCs upon doping with RE3+ ions. Similar NBE PL features have been reported 

for other forms of CsPbX3, both doped and undoped (e.g., Figure 4.6A), but clear consensus about 

the origins of this NBE PL has not yet emerged. In many cases, this NBE PL has been attributed 

to surfaces. In CsPbBr3 nanosheets, for example, low-temperature PL reveals a broad feature ~35 

meV below the exciton that was attributed to trapped excitons.42 Nanoscale CsPbBr3 structures 

formed in Pb2+-doped CsBr single crystals show a similar feature, attributed to trapping at 

CsPbBr3/CsBr interfaces or electronic transitions associated with Pb2+.43 CsPbBr3 NCs have also 

shown a similar NBE PL feature at 80 K (~70 meV below the exciton emission with a 10 ns 

lifetime), attributed to donor-acceptor pair luminescence involving surface-trapped carriers.44 

Similar NBE PL was also observed in the low-temperature spectra of La3+:CsPbCl3 NCs12 and 

single crystals.  

The results presented here demonstrate that RE3+ doping of CsPbX3 universally generates such 

an NBE defect state. The RE3+ series examined here spans all of the lanthanides and additionally 

includes the 4d0 Y3+ ion as a pseudo-lanthanide, yet essentially the same NBE PL is observed in 

all cases, independent of the specific RE3+ dopant. Most of the RE3+ ions examined here possess 
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no internal f-f or charge-transfer excited states within the perovskite energy gap, indicating that 

this NBE PL must arise from a perturbation of the CsPbX3 lattice and not from the dopant itself. 

The observation of the same NBE PL in Er3+-doped CsPb(Cl1-xBrx)3 NCs extends this conclusion 

to include RE3+ ions that do possess mid-gap internal states. We conclude that formation of this 

NBE defect state is a universal consequence of such aliovalent doping in perovskite CsPbX3. 

One common challenge in studying defects experimentally is their irreproducibility. The NBE 

defect generated by RE3+ doping is robust in ways not observed for the analogous native defects. 

For example, the native NBE PL in undoped CsPbBr3 NCs can be changed and even completely 

suppressed through surface modification, whereas the NBE PL of RE3+-doped NCs is insensitive 

to the same surface chemistry (see Appendix). This result suggests that the NBE state in RE3+-

doped CsPbX3 resides within the internal volume of the lattice, a conclusion supported by the 

observation that similar NBE PL is induced by RE3+ doping in thin films with vastly smaller 

surface-to-volume ratios. These observations indicate that doping with spectroscopically innocent 

RE3+ ions offers a powerful tool for generating well-behaved defects in lead-halide perovskites. 

The microscopic structure of this defect remains unclear. Recent first-principles electronic-

structure calculations probing defect formation in Yb3+-doped CsPbCl3 have identified several 

locally bound and dissociated configurations of [2YbPb + VPb]
0 with similar thermodynamics, and 

have predicted the prevalence of a series of closely related charge-neutral [Yb-VPb-Yb]0 defect 

clusters at high Yb3+ concentrations.28 DFT calculations on such clusters suggest their role as 

shallow electron traps rather than shallow hole traps.45 DFT has also been used to predict that  

substitution of Pb2+ with Ce3+ in CsPbBr3 (in the absence of additional charge-compensating 

defects) does not induce deep traps that quench exciton PL but rather promotes emission at or near 

the band edge.6 An intriguing alternative possibility is that RE3+ dopants and their associated 

defects may locally polarize the perovskite lattice, lowering the site symmetry, and thereby 

enhancing the Rashba effect. In CsPbBr3 nanocrystals, however, typical Rashba splittings 

observed in magneto-optical measurements are only ~1-2 meV,46 i.e., much smaller than the 

binding energies observed here. Preliminary magneto-PL measurements on these RE3+-doped 

CsPb(Cl1-xBrx)3 samples do show circular polarization of the NBE emission (see Appendix), but 

further measurements will be required to determine whether this polarization could be associated 

with a Rashba effect or just reflects the natural spin characteristics of a defect-bound exciton in 

this lattice. 
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These results may also have significant implications for understanding the mechanism of 

quantum cutting in Yb3+:CsPb(Cl1-xBrx)3 NCs and thin films. In this process, perovskite 

photoexcitation leads to energy-transfer excitation of two Yb3+ dopants simultaneously, allowing 

PL quantum yields to exceed 100%. Spectroscopic studies have identified signatures of an 

intermediate state in this energy-transfer process, residing between the CsPb(Cl1-xBrx)3 exciton and 

the Yb3+ f-f excited states.12, 22 This intermediate state depletes the exciton population on the 

picosecond time scale and passes that energy to Yb3+ with a time constant of ~8 ns at room 

temperature.12, 22 The observations detailed above indicate that an NBE defect state is formed upon 

Yb3+ doping, even though NBE PL has not been observed in Yb3+:CsPb(Cl1-xBrx)3, presumably 

because of rapid energy capture by Yb3+. The ubiquitous NBE state described here appears to be 

consistent with all of the known properties of the intermediate state in quantum cutting.  

 

4.6 Conclusion 

In summary, a combination of nanocrystal and thin-film synthesis, variable-temperature and 

time-resolved PL spectroscopy, and calculations of exciton-binding energies has been used to 

elucidate the impact of RE3+ doping on the electronic structures and photophysics of all-inorganic 

CsPb(Cl1-xBrx)3 (0 ≤ x ≤ 1) lead-halide perovskites. The data show that RE3+ doping universally 

generates a new shallow defect state ca. 50 meV inside the perovskite band gap, regardless of the 

specific RE3+ dopant. Although most easily observed at low temperatures as the origin of a distinct 

PL band, this defect state is still influential at room temperature, leading to elongated PL decay 

times relative to the analogous undoped perovskite compositions. The appearance of this NBE PL 

even when doping with spectroscopically innocent RE3+ ions suggests it originates in the charge-

compensating defects that accompany substitution of Pb2+ by RE3+. Overall, these findings 

advance our general fundamental understanding of defects in lead-halide perovskites by 

demonstrating that controlled aliovalent RE3+ doping can be used to reproducibly tune the 

concentrations of well-behaved shallow defects, with potential ramifications for understanding and 

controlling the physical properties of metal-halide perovskites in various photovoltaic, electronic, 

and photonic technologies.  

 

4.7 Experimental 
Materials. 1-octadecene (ODE, 90%, Sigma Aldrich), oleylamine (OAm, 70%, Sigma 



95 
 

Aldrich), oleic Acid (OA, 90%, Sigma Aldrich), n-hexane (99%, Sigma Aldrich), ethyl acetate 

(EtOAc, 99%, Sigma Aldrich), ethanol (EtOH, 200 proof, Decon Laboratories, Inc.), trimethylsilyl 

chloride (TMS-Cl, 98%, Acros Organics), trimethylsilyl bromide (TMS-Br, 97%, Sigma Aldrich), 

lead (II) acetate trihydrate (99.999%, Pb(OAc)2∙3H2O, Sigma Aldrich), cesium acetate (CsOAc, 

99.9%, Sigma Aldrich), yttrium (III) acetate hydrate (99.9%, Y(OAc)3∙xH2O, Sigma Aldrich), 

lanthanum (III) acetate hydrate (99.9%, La(OAc)3∙xH2O, Strem Chemical), cerium(III) acetate 

hydrate (99.9%, Ce(OAc)3∙xH2O, Sigma Aldrich), gadolinium (III) acetate hydrate (99.9%, 

Gd(OAc)3∙xH2O, Sigma Aldrich), erbium (III) acetate tetrahydrate (99%, Er(OAc)3∙4H2O, Alfa 

Aesar) and lutetium (III) acetate hydrate (99.9%, Lu(OAc)3∙xH2O, Alfa Aesar) were used as 

received. 

Synthesis and Purification of RE3+:CsPbCl3 nanocrystals. RE3+-doped CsPbCl3 NCs (RE3+ 

= Y3+, La3+, Ce3+, Gd3+, Lu3+) were synthesized according to the protocol published earlier.12 In a 

representative procedure, using Schlenk line techniques, an oven-dried, 3-neck flask containing 5 

mL ODE, 0.25 mL OAm, 1 mL OA, 75 mg Pb(OAc)2∙3H2O, 12 mg Gd(OAc)3∙xH2O, and 280 μL 

1M CsOAc in EtOH was heated under vacuum at 110 °C for an hour before being flushed with N2 

and heated to 240 °C. Immediately upon reaching 240 °C, a room temperature TMS-Cl solution 

(0.5 mL ODE + 0.2 mL TMS-Cl) was injected, and the flask was cooled to room temperature using 

a water bath. The mother liquor was centrifuged at 1318 xg for 5 minutes, and the supernatant was 

discarded. The pellet was resuspended in n-hexane, and the NCs were flocculated out of solution 

with EtOAc. The suspension was centrifuged again for 5 min, and the supernatant was once again 

discarded. The pellet was resuspended in n-hexane and centrifuged for 10 min. The resulting 

supernatant containing the NCs was stored ambiently in the dark in a glass vial. These NCs stay 

in solution for ~2 weeks when stored in a dark drawer in ambient atmosphere but they can remain 

stable for several months if stored in inert atmosphere and dry solvent. For undoped NCs, no 

RE(OAc)3∙xH2O reagent was added to the reaction vessel and only 200 μL of the 1M Cs+ solution 

was used. 

Anion Exchange. RE3+:CsPbBr3 NCs were prepared by anion exchange using the chloride 

NCs described in the previous section, according to protocols outlined previously.18, 47-48 Briefly, 

NCs were dispersed in dry solvent in a nitrogen-filled glovebox and titrated with 1 M TMS-Br 

until the desired band gap was obtained, as determined by absorption and PL spectroscopies. The 

solvent and residual TMS-X were then removed by vacuum evaporation. The NCs were 
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resuspended in dry hexane and stored in the glovebox. 

Single-Source Vapor Deposition of 9.3% Gd3+:CsPbBr3 and CsPbBr3 Thin 

Films. Materials. Cesium bromide (99.9%, CsBr, Alfa Aesar), lead (II) bromide (99.9%, PbBr2, 

Alfa Aesar), and gadolinium (III) bromide (99.9%, GdBr3, Alfa Aesar). Deposition. Vapor-

deposited thin films were made via rapid thermal evaporation (single-source vapor deposition; 

SSVD) similar to a process we have reported earlier.15, 49 First, CsBr, PbBr2, and GdBr3 were added 

in stoichiometric amounts to an agate mortar and pestle and ground for 10 minutes, until a yellow 

powder was formed. The powder was then annealed in air at 150 °C until it converted to an orange 

color. The SSVD was performed in a home-built evaporator comprising a bell jar, a roughing 

pump, a diffusion pump, and a high-current power supply. Approximately 60 mg of powder was 

loaded onto a Ta evaporation boat. Substrates (quartz for variable temperature photoluminescence) 

were sonicated in sodium thiosulfate, water, and hexanes in that order for cleaning. Substrates 

were suspended 13.5 cm above the evaporation boat. The chamber was evacuated to ~10-5 torr, 

and the powder was sublimated by passing a high current through the evaporation boat. The 

powder was deposited on to the substrate at a rate of ~1000 Å/s over an approximately 2 second 

window. The samples were immediately transferred to a nitrogen filled glove box where they were 

annealed at 150 °C for 10 min and subsequently stored until use. 

Analytical Characterization. Powder X-ray diffraction data were measured with a Bruker D8 

Discover with a high-efficiency IμS microfocus X-ray source for Cu Kα radiation operating at 

50000 mW (50 kV, 1 mA). Samples were prepared by dropcasting NC stock solutions on silicon 

substrates or by thermally evaporating thin films onto glass substrates. Elemental analysis to 

determine NC doping concentrations was measured via ICP-AES using a PerkinElmer 8300. 

Samples were prepared by digesting the NC powders in concentrated nitric acid with sonication 

and diluting in ultrapure H2O. TEM images were acquired with an FEI TECNAI F20 microscope 

operating at 200 kV. A narrow C2 aperture was used to minimize in-situ reduction of Pb2+ to Pb0 

by the electron beam. NC stock solutions were diluted by about one half and 5 μL of solution was 

deposited onto ultrathin carbon-coated copper grids from TED Pella, Inc.  

Spectroscopic Measurements. All optical measurements were performed on NCs or 

thermally evaporated thin films deposited on quartz substrates. Absorption spectra were collected 

using an Agilent Cary 5000. PL measurements were performed with the sample loaded in a 

custom-built cryostat cooled by a closed-cycle helium compressor. An LN2-cooled silicon CCD 
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was used for PL detection. All spectra have been corrected for the wavelength dependence of the 

instrument response. Chloride samples were excited using a focused 375 nm LED. Bromide 

samples were excited using a collimated 405 nm LED. Both LEDs were operated as continuous-

wave (cw) excitation sources. Variable-temperature (VT) PL spectra were acquired at 

temperatures between 14 and 296 K with the sample under continuous illumination. The 

temperature was allowed to stabilize at each point before data collection. Low-temperature 

absorption spectra were collected using a Cary 5000 with the NCs dropcast on a quartz substrate 

and mounted in the same cryostat used for VTPL measurements.  

Time-Resolved Photoluminescence (TRPL). For time-resolved PL measurements, NCs were 

dropcast onto quartz substrates and loaded into a closed-cycle helium cryostat. Samples were 

excited using the third harmonic of a Nd3+:YAG laser (355 nm) firing with a repetition rate of 50 

hz and having a 30 ps pulse width. The excitation flux was kept constant at 60 nJ/pulse. A 

Hamamatsu streak camera was used for PL detection. Temporal windows of 20 ns, 500 ns, 5 μs, 

and 50 μs were measured. 

Experiment Demonstrating Reduction of Trap PL Following Surface Treatment 

(Appendix 4.1). Materials used. Lead acetate trihydrate (99.9%, Pb(OAc)2·3H2O, Baker 

Chemical), cesium carbonate (99.9%, Cs2CO3, Sigma Aldrich), cesium acetate (99.9%, CsOAc 

Alfa Aesar), bromotrimethylsilane (97%, TMS-Br, Sigma Aldirch), 1-octadecene (90%, ODE 

Sigma Aldrich), oleylamine (70%, OAm Sigma Aldrich), oleic acid (90%, OA Sigma Aldrich), 

hexanes (99%, mixture of isomers, Sigma Aldrich), toluene (HPLC, Fischer Chemical), anhydrous 

ethyl acetate (99%, Sigma Aldrich), didodecyldimethylammonium bromide (98%, R4NBr, Sigma 

Aldrich) were all used without further purification. 

Synthesis of undoped CsPbBr3 nanocrystals. Undoped CsPbBr3 NCs were prepared following 

a published protocol.50 Briefly, separately prepared and pre-heated solutions of cesium oleate and 

lead oleate were loaded into a 100 mL 3-neck round bottom flask in an N2-filled glovebox. ODE 

and OAm were added once the flask was taken out of the glovebox. The precursors were degassed 

on a Schlenk line at 120 °C for 1-2 hr before being flushed with N2 and heated to 180 °C. A solution 

of TMS-Br in dry ODE (180 and 400 uL, respectively) was injected into the precursor solution, 

resulting in the formation of NCs. The reaction was quenched after ~5 s with an ice water bath. 

Purification involved flocculating the NCs out of solution with excess anhydrous ethyl acetate, 

centrifuging at 1318 xg for 15 min, and resuspending in hexane. This purification was repeated 



98 
 

once more, and the NCs were then transferred to an N2-filled glovebox and resuspended in hexane. 

CsPbBr3 NCs doped with Gd3+ were prepared as detailed in the main text. 

Ligand Exchange. Surface passivation of Gd3+:CsPbBr3 and CsPbBr3 NCs was done by 

adapting a procedure reported for preparing high PLQY NCs.51 Briefly, a small fraction of the NC 

stock solution was treated with 30 μL of neat OA and 50 mM didocyldimethylammonium bromide 

in toluene and stirred at room temperature for 5 min. 

Magnetic Circularly Polarized Luminescence (MCPL) Spectroscopy (Appendix 4.2). 

Samples were prepared by dropcasting nanocrystal solutions onto quartz substrates. These samples 

were loaded into a LHe-cooled magneto-optical cryostat. Samples were excited with a CW 405 

nm LED in an applied co-linear magnetic field whose strength was varied from 0 to 6 T. Emission 

was collected co-linearly and passed through a λ/4 plate and linear polarizer to separate left- and 

right-circularly polarized light. The emission was then coupled into a fiber-optic cable attached to 

a monochrometer and detected using a LN2-cooled CCD. 
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4.9 Appendices 

 
Appendix 4.1. Low-temperature PL spectra of undoped and Gd3+-doped 

CsPbBr3 before and after surface treatment. 14 K PL spectra of (A) CsPbBr3 

and (B) 11% Gd3+:CsPbBr3 NCs before (dotted) and after (solid) treatment with 

didodecyldimethylammonium bromide (R4NBr) and oleic acid (OA) ligands. A 

shallow sub-band tail is observed below the exciton in the as-prepared NCs. This 

tail is no longer observed after ligand addition, suggesting that it arises from native 

traps on the NC surfaces. The same surface treatment does not eliminate the NBE 

emission in the Gd3+:CsPbBr3 NCs, indicating that this NBE emission does not 

come from the same NC surface defects. 
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Appendix 4.2. MCPL monitoring of Gd3+:CsPbBr3 nanocrystal emission. 5 K 

MCPL spectra of 7.7% Gd3+:CsPbBr3 NCs collected at (A) 0 T and (B) 6 T. Blue: 

RCP (𝜎+); Red: LCP (𝜎−). (C) 5 K MCPL polarization ratio, ΔI/I, measured at 6 

T (black) and at 0.5 T (gray). Shaded areas denote (blue) exciton and (red) NBE 

energy ranges integrated to construct panel D. (D) ΔI/I for the exciton (blue, 2.35 

to 2.37 eV) and NBE PL (red, 2.10 to 2.33 eV), plotted vs magnetic field strength, 

B(T). The dashed lines are guides to the eye.  

 

 

 

 

Appendix 4.3. Deconvolution of the 14 K PL spectra of 7.1% Gd3+:CsPb(Cl1-xBrx)3 

NCs in which x = (A) 0.00, (B) ~0.35, and (C) 1.00, from Figure 4.2C. Exciton 

(gray), NBE (black), total (colored = gray + black). 
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Appendix 4.4. Spectral deconvolution of the (A) 15 and (B) 35 K PL spectra of 

9.3% Gd3+:CsPbBr3 thin films from Figure 4.6 of the main text. Each panel plots 

the experimental data (middle, grey), the total fit function (middle, black), the 

deconvolved exciton (bottom, blue) and NBE (bottom, red) features, and the fitting 

residual (top, green). 

 

 

 
Appendix 4.5. 14 K PL spectra of 9.6% Er3+:CsPbX3 (X = Cl, Br) NCs. No other 

emission was observed for either sample at any temperature between 14 and 296 

K. 
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Appendix 4.6. Variable-temperature PL spectra measured from 13 to 296 K of (A) 

CsPbCl3 and (B) 7.7% Gd3+:CsPbCl3 NCs, collected using CW 375 nm excitation. 

(C) Total integrated PL intensity plotted as a function of temperature normalized 

to the PL intensity at 14 K (Open circles: CsPbCl3 NCs. Solid circles: 7.7% 

Gd3+:CsPbBr3 NCs). The dashed lines are guides to the eye. (D) Integrated exciton 

(open triangles) and NBE (closed triangles) PL intensities normalized to the total 

intensity at each temperature. The lines are guides to the eye. 

 

 

Appendix 4.7. Double-log plot of the 14 K exciton (blue) and NBE (red) PL decay 

measured for 7.7% Gd3+:CsPbBr3 NCs. The respective IRF traces are also plotted. 

Power-law decay is observed at long times, suggesting delayed luminescence. 
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Appendix 4.8. Average PL decay times, 𝜏avg, obtained by fitting the data from 

Figure 4.4 of the main text using Appendix eq 4.1, plotted vs temperature. The 

dotted lines are guides to the eye. Open squares: CsPbBr3 NC exciton; open circles: 

7.7% Gd3+:CsPbBr3 exciton; solid circles: 7.7% Gd3+:CsPbBr3 NBE. 

𝜏avg =
∑ 𝜏𝑛

2 ∗𝐴𝑛

∑ 𝜏𝑛∗𝐴𝑛
                                             (App. 4.1) 

 

The time constants (τn) and amplitudes (An) of the fast (n = 1) and slow (n = 2) PL decay 

components were extracted from the data in Figures 4.4A-C of the main text (replotted in a semi- 

log representation in Appendix Figures 4.9A-C) by fitting to the bi-exponential decay function of 

Appendix eq 4.2, and the results are plotted in Appendix Figure 4.9D-I. 

𝐼(𝑡) =  𝐴1𝑒
−

𝑡

𝜏1 + 𝐴2𝑒
−

𝑡

𝜏2                     (App. 4.2) 

I(t) represents the time-dependent PL intensity. At low temperature, the fast component of the 

exciton decay in both samples is sub-nanosecond and accounts for ~80% of emitted photons. With 

increasing temperature, both components of the exciton decay get slightly slower, and the relative 

amplitude of the fast component decreases substantially. The NBE PL also decays bi-

exponentially, with lifetimes of 11 and 70 ns at low temperature. The fast component dominates 

(75-80%) at all temperatures. With increasing temperature, the slow component appears to 

accelerate, but overall, the changes are fairly small. Although NBE PL is not clearly observed at 

high temperatures in the Gd3+:CsPbBr3 NCs, the influence of the NBE state persists up to room 

temperature, as evidenced by the slow exciton decay in the Gd3+:CsPbBr3 NCs compared to 

undoped CsPbBr3 NCs (Appendix 4.9-4.10).  
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Appendix 4.9. Semi-log plots of the VT-TRPL data shown in Figure 4.4 of the 

main text. (A) CsPbBr3 NCs, and (B) exciton and (C) NBE emission of 7.7% 

Gd3+:CsPbBr3 NCs. Note the different time scale of panel C. The black curves at 

short times in panels A, B, and C show the instrument response functions for these 

measurement conditions. (D-I) Summary of the VT-TRPL data from panels A-C. 

(panels D, F, H) Time constants and (panels E, G, I) amplitudes obtained from 

fitting the data in panels A-C using the bi-exponential function of Appendix eq 4.2. 

Solid circles: fast component (A1 and τ1). Open circles: slow component (A2 and τ2). 

The dotted lines are guides to the eye. 
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Appendix 4.10. Fingerprints of NBE emission at room temperature. (A) Relative 

average energies (in meV) of all emitted photons measured for (gray) CsPbBr3 and 

(red) 7.7% Gd3+:CsPbBr3 NCs, plotted vs time at 296 K. The blue trace plots the 

relative average energies measured for the same Gd3+:CsPbBr3 NCs at 14 K. Room-

temperature PL decay curves plotted over the first (B) 18 ns and (C) 150 ns for the 

samples from panel A. 
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Appendix 4.11. Iexc(T)/Itot(T) plotted vs temperature, from the spectra in Figure 4.3 

of the main text. The open circles plot the function described by Appendix eq 4.3 

for the following parameters: ΔE = 55 meV, measured from the difference in 

exciton and NBE PL peak maxima at 14 K; kexc(T) = 1/τexc,avg(T), from the undoped 

exciton TRPL data summarized in Appendix Figure 4.7; kNBE(T) = 1/τNBE,avg(T), 

from the NBE TRPL data for the 7.7% Gd3+:CsPbBr3 NCs summarized in 

Appendix Figure 4.7. This comparison highlights a key inconsistency between the 

experimental data and the model of app. 4.3, namely that the experimental 

Iexc(T)/Itot(T) does not go to zero at low temperature. The dashed line is a guide to 

the eye. 

 

Appendix eq 4.3 describes the scenario of thermal population equilibration between two states, 

an upper-energy and a lower-energy state, as probed by their PL intensities. Here, the exciton state 

is higher in energy than the NBE state, and the equilibrium populations are reflected in the intensity 

ratio Iexc/Itot. The PL intensities from each state at each temperature are determined by the radiative 

decay rate constants (kexc and kNBE) and the Boltzmann populations of each state, i.e., by the energy 

difference (ΔE) between the two states and the sample temperature (T). In this scenario thermal 

equilibrium, Iexc should go to zero as T approaches 0 K, but the data do not show this behavior 

(Appendix Figure 4.11). 

𝐼𝑒𝑥𝑐(𝑇)

𝐼𝑇𝑜𝑡𝑎𝑙(𝑇)
=

𝐼𝑒𝑥𝑐(𝑇)

𝐼𝑒𝑥𝑐(𝑇)+𝐼𝑁𝐵𝐸(𝑇)
=

𝑘𝑒𝑥𝑐(𝑇)𝑒𝑥𝑝(−
∆𝐸

𝑘𝑇
)

𝑘𝑒𝑥𝑐 (𝑇)𝑒𝑥𝑝(−
∆𝐸

𝑘𝑇
)+𝑘𝑁𝐵𝐸(𝑇)(1−𝑒𝑥𝑝(−

∆𝐸

𝑘𝑇
))

              (App. 4.3) 
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Figure S12. Absorption spectra of a representative sample of 6.6% Gd3+:CsPbBr3 

NCs collected at 14 (blue) and 296 K (red). 
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Chapter 5 Supplementary Material 
 

5.1 Glossary of Abbreviations 

 

Abs – Absorption 

CB – Conduction Band 

c-Si – Crystalline Silicon 

CW – Continuous Wave 

DFT – Density Functional Theory 

Ef-f – f-f Transition Energy 

Eg – Bandgap Energy 

EQE – External Quantum Efficiency 

ES – Excited State 

ET – Energy Transfer 

eV – Electron volt 

FFT – Fast Fourier Transform 

FG – Flux Gain 

FWHM – Full Width at Half Maximum 

GS – Ground State 

ICP-AES – Inductively Coupled Plasma Atomic Emission Spectroscopy 

LED – Light Emitting Diode 

Ln3+ -- Lanthanide (III) 

LO – Longitudinal Optical 

LSC – Luminescent Solar Concentrator 

MCPL – Magnetocircular Photoluminescence 

NBE – Near Band Edge 

NCs -- Nanocrystals 

NIR – Near Infrared 

OA – Oleic Acid 
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OAc – Acetate 

OAm – Oleylamine 

ODE – Octadecene 

PCE – Power Conversion Efficiency 

PL – Photoluminescence 

PLE – Photoluminescence Excitation 

PLQY – Photoluminescent Quantum Yield 

PV – Photovoltaic 

QC – Quantum Cutting 

QCE(E/T) – Quantum Cutting Energy (Efficiency/Threshold) 

RE3+ – Rare Earth (III) 

SHJ – Silicon Heterojunction 

TA – Transient Absorption 

TEM – Transmission Electron Microscopy 

TMS-Cl(Br) – Trimethylsilyl Chloride (Bromide) 

TR – Time-Resolved 

UV – Ultraviolet 

VB – Valence Band 

VIS – Visible 

VPb – Lead Vacancy 

VT – Variable-Temperature 

XRD – X-Ray Diffraction 
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