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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.

■ INTRODUCTION

Trivalent rare-earth (RE3+) doping of all-inorganic lead-halide
perovskites (CsPbX3, X = halide) has recently attracted broad
interest. In CsPbI3, Eu

3+ and Yb3+ dopants have been found to
enhance the stability of the desired α-phase and to yield
superior photovoltaic efficiencies compared to their undoped
counterparts.1,2 Another study reported enhancement of the
power conversion efficiencies (PCEs) from 7% in solar cells
based on undoped CsPbBr3 to ∼10% in cells using RE3+-doped
CsPbBr3 (RE

3+:CsPbBr3, where RE
3+ = 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
midgap energies have been used to generate new near-infrared
(NIR) and/or visible emission from lead-halide perovskites
through PL sensitization.8−10

Particularly notable is the observation of PLQYs exceeding
100% in Yb3+:CsPb(Cl1−xBrx)3 perovskites.8,10−28 This phe-
nomenon 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 hypothesized13 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 demonstra-
ted perovskite exciton-bleach recovery on the timescale as
short as a few picoseconds upon Yb3+ doping,13 but Yb3+ PL
shows a rise time of ∼8 ns,23 supporting the participation of an

intermediate state in this quantum-cutting mechanism. The
strong PLQY dependence on the CsPbX3 energy gap in the
region of Eg ∼ 2 × Ef−f further suggests that this intermediate
state must be close in energy to the exciton.19 An interesting
related hypothesis is that the quantum-cutting intermediate
state involves the 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.24,28 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 charac-
terized. Such fundamental studies will improve the under-
standing 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 (VT) PL of a series 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 that 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
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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 upon 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 (TRPL) 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 nonlanthanide,
Y3+. Consequently, we conclude that all such trivalent
substitutional dopants will generate the same NBE defect
state in CsPbX3 perovskites. These results have interesting
ramifications for the 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.

■ EXPERIMENTAL SECTION
Materials. 1-Octadecene (ODE, 90%, Sigma-Aldrich), oleylamine

(OAm, 70%, Sigma-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 (RE
3+ = Y3+, La3+, Ce3+, Gd3+, Lu3+) were

synthesized according to the protocol published earlier.13 In a
representative procedure, using Schlenk line techniques, an oven-
dried, three-neck flask containing 5 mL of ODE, 0.25 mL of OAm, 1
mL of OA, 75 mg of Pb(OAc)2·3H2O, 12 mg of Gd(OAc)3·xH2O,
and 280 μL of 1 M 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 of ODE + 0.2 mL of TMS−Cl) was injected, and
the flask was cooled to room temperature using a water bath. The
mother liquor was centrifuged at 1318g for 5 min, and the supernatant
was discarded. The pellet was resuspended in n-hexane, and the NCs
were flocculated out of the 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 an ambient atmosphere, but
they can remain stable for several months if stored in an 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 1 M
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.19,29,30 In brief, the NCs
were dispersed in a 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 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.16,31 First, CsBr, PbBr2, and GdBr3 were added in
stoichiometric amounts to an agate mortar and pestle and ground for
10 min until a yellow powder was formed. The powder was then
annealed in air at 150 °C until it turned orange in color. 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 the powder was loaded onto a Ta
evaporation boat. The substrates (quartz for VTPL) were sonicated
in sodium thiosulfate, water, and hexanes in that order for cleaning.
The 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 onto the substrate at a rate of ∼1000 Å/s
over an approximately 2 s window. The samples were immediately
transferred to a nitrogen-filled glovebox, where they were annealed at
150 °C for 10 min and subsequently stored until use.

Analytical Characterization. The powder X-ray diffraction data
were measured using a Bruker D8 Discover with a high-efficiency IμS
microfocus X-ray source for Cu Kα radiation operating at 50,000 mW
(50 kV, 1 mA). The samples were prepared by drop-casting 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 inductively coupled plasma (ICP)
atomic emission spectroscopy using a PerkinElmer 8300. The samples
were prepared by digesting the NC powders in concentrated nitric
acid with sonication and diluting them in ultrapure H2O. The TEM
images were acquired using an FEI TECNAI F20 microscope
operating at 200 kV. A narrow C2 aperture was used to minimize the
in situ reduction of Pb2+ to Pb0 by the electron beam. NC stock
solutions were diluted by about one-half, and 5 μL of the 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. The 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 charge-coupled device was used
for PL detection. All spectra were corrected for the wavelength
dependence of the instrument response. The chloride samples were
excited using a focused 375 nm LED. The bromide samples were
excited using a collimated 405 nm LED. Both LEDs were operated as
continuous-wave (CW) excitation sources. The VTPL 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
drop-cast on a quartz substrate and mounted in the same cryostat
used for VTPL measurements.

Time-Resolved PL. For TRPL measurements, the NCs were
drop-cast onto quartz substrates and loaded into a closed-cycle helium
cryostat. The 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.
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■ RESULTS AND DISCUSSION

Nanocrystals. Figure 1A,B shows the room-temperature
absorption and PL data for CsPbCl3 and 7.7% Gd3+:CsPbCl3
NCs, respectively. The doping concentrations are determined
analytically using ICP−optical emission spectroscopy 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 1C plots the X-ray
diffraction data collected for the NCs from Figure 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.32 Figure 1D,E shows
representative TEM images of the NCs from Figure 1A,B,
respectively. The 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

Figure 1. Physical characterization of CsPbX3 and Gd3+:CsPbX3 NCs. (A,B) Room-temperature absorption and PL spectra of CsPbCl3 (A) and
7.7% Gd3+:CsPbCl3 (B) NCs. (C) X-ray diffraction patterns of the NCs from (A,B). Reference orthorhombic CsPbCl3.

34 (D,E) TEM images of the
NCs from (A, B). Scale bar: 50 nm. (F,G) Room-temperature absorption and PL spectra of CsPbBr3 (F) and 7.7% Gd3+:CsPbBr3 (G) NCs. (H) X-
ray diffraction patterns of the NCs from (F,G). Reference orthorhombic CsPbBr3.

34 (I,J) TEM images of the NCs from (F,G). Scale bar: 50 nm.

Figure 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, and 9.3%), collected using a CW 375 nm excitation. (B) Exciton-to-NBE PL splitting energy, ΔE, plotted vs the Gd3+ B-site cation
mole fraction, from (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 the experimental ΔE values for Gd3+-doped CsPbCl3 and CsPbBr3 NCs from (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 (E). The gray bar is a guide to the eye. The error bars on the experimental ΔE values are estimated from the fitting analysis
(Figures S2 and S3).
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exciton diameter of ∼5 nm,33 and consequently, no quantum
confinement is expected. Overall, Gd3+-doped and undoped
CsPbCl3 NCs are thus essentially indistinguishable in these
measurements.
The same similarity is found between doped and undoped

CsPbBr3 NCs. Figure 1F,G shows the 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 1H shows X-ray diffraction
data collected for the NCs from Figure 1F,G, and these also
look indistinguishable. Figure 1I,J shows representative TEM
images of the NCs from Figure 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 Figure 1D,E are consistent with expectations from the
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,33 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 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 (Figure S1). As doping increases, there is a
dramatic increase in the 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 from 1.5
to 9.3% Gd3+, demonstrating that this NBE emission is indeed
induced by Gd3+ doping. Figure 2B summarizes the exciton-to-
NBE splitting energies (ΔE) from the data in Figure 2A,
plotting ΔE versus the Gd3+ doping concentration. As
observed in 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 (4f 7) 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.
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 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 the microscopic heterogeneities
introduced in the mixed-halide composition. Figure 2D
illustrates that ΔE versus 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 these
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.35 Figure 2E plots the 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 2E also
plots the low-temperature PL spectrum of 9.6% Er3+:CsPbBr3
NCs, and this, too, shows very similar NBE PL. The

Figure 3. VTPL 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 a 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 (B),
normalized to the total PL intensity at each temperature.

Chemistry of Materials pubs.acs.org/cm Article

https://doi.org/10.1021/acs.chemmater.2c00132
Chem. Mater. XXXX, XXX, XXX−XXX

D

https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c00132/suppl_file/cm2c00132_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c00132?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c00132?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c00132?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c00132?fig=fig3&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.2c00132?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


dependence of the NBE PL on the halides in the Er3+:CsPb-
(Cl1−xBrx)3 NCs is essentially identical to that shown in Figure
2C (Figure S4). No other lower-energy f−f emission is
observed in any of these Er3+-doped NCs, consistent with
previous reports.24,28 Figure 2F plots ΔE versus 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 VTPL measurements. Figure 3A plots the
VTPL spectra of the 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 (Figure S1). Figure 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 discernible.
Figure 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 3D plots Iexc/Itot and INBE/Itot separately at each
temperature for the Gd3+:CsPbBr3 NCs. INBE/Itot is highest at
14 K and decreases as the temperature is raised. Iexc/Itot shows
opposite temperature dependence, such that at room temper-
ature, the PL spectrum is essentially entirely excitonic.
Remarkably similar results were also found in a VTPL
comparison of CsPbCl3 and Gd3+:CsPbCl3 NCs (Figure S5).
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 versus
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 (Figure S11).
To examine the dynamics associated with this NBE state,

TRPL measurements were performed at various temperatures
and the results are summarized in Figure 4. Figure 4A,B plots
representative streak-camera images of the first 20 ns of PL
decay from CsPbBr3 and 7.7% Gd3+:CsPbBr3 NCs, respec-
tively, collected at 14 K. Figure 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. Figure 4D,E plots excitonic PL
decay traces for the undoped CsPbBr3 and 7.7% Gd3+:CsPbBr3
NCs taken from such streak-camera images and now includes
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 4F plots the 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 to be independent of
temperature until ∼150 K, above which it begins to shorten
slightly (see the Supporting Information for complete

Figure 4. VT TRPL 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 timescale of (C). Similar streak-camera data were collected at multiple temperatures between 14 K and room
temperature. (D) VT exciton PL decay traces for the CsPbBr3 NCs from (A), measured from 14 K (blue) to room temperature (red), extracted
from streak-camera data. (E) VT exciton PL decay traces for the 7.7% Gd3+:CsPbBr3 NCs, as in (D). (F) VT NBE PL decay traces for the 7.7%
Gd3+:CsPbBr3 NCs, as in (C). Note the long timescale of (C). The black curves in (D−F) show the instrument response functions for each
measurement. For the Gd3+:CsPbBr3 NC decay traces in (E,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), 530−575 nm (45−150 K), or
520−555 nm (200−296 K).
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analysis). Power-law behavior is noted for the last ∼10% of
NBE emission (Figure S6), 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 to be unaffected by the introduction of Gd3+.
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 5A shows a
photograph of representative thin films of CsPbBr3 and 9.3%
Gd3+:CsPbBr3, placed on top of a 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 5B plots X-ray
diffraction data collected for the samples in Figure 5A. Both
samples show diffraction consistent with orthorhombic
CsPbBr3. Figure 5C,D plots 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-band-gap
interference fringes consistent with the film thickness. Weak
exciton emission is observed from both samples at room
temperature. Overall, the two samples appear to be very similar
at room temperature, just as the doped and undoped NCs did.
Figure 6A,B plots 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

Figure 5. Characterization of thermally 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.34 Room-temperature absorption and PL spectra of representative (C) undoped CsPbBr3 and (D) 9.3% Gd3+-doped
CsPbBr3 thin films.

Figure 6. VTPL of thermally evaporated CsPbBr3 and Gd3+:CsPbBr3 thin films. PL spectra of the (A) 9.3% Gd3+-doped CsPbBr3 thin film and (B)
CsPbBr3 thin film collected at the temperatures of 15, 20, 25, 30, 35, 40, 45, 50, 60, 70, 80, 100, 125, 150, 200, 250, and 300 K. (C) Integrated PL
intensities from (A,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 (B), normalized to the total PL
intensity at each temperature.
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below the exciton emission, but this feature is 4 times larger in
the Gd3+-doped sample at 15 K. The NBE PL band shape 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 analogue in undoped bulk
CsPbX3, that is, the native defect responsible for the NBE PL
observed in the undoped CsPbBr3 data of Figure 6A. A similar
sub-band-gap PL feature has indeed been observed in other
bulk CsPbBr3 samples, but its assignment varies. 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+.36−38 For both samples in Figure 6, Iexc
decreases rapidly with increasing temperature, in contrast to
the NCs. Figure 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. At
room temperature, both samples have lost over 99% of their 15
K PL intensity. Figure 6D plots Iexc/Itot and INBE/Itot for the
Gd3+:CsPbBr3 thin film, measured from 15 K to room
temperature. INBE/Itot is highest 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 the attribution
of this NBE PL feature to the same RE3+-induced defect in
both NC and thin-film samples.
Calculated Exciton-Binding Energies. Previously,32 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 the experiment (Figure 2). We now show
that the shallow exciton binding predicted by these calculations
follows the same trend, as observed experimentally in Figure
2C,D.
To assist in 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

σ
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band (VB) hole from the VPb
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respectively, and the ratio of their effective masses is σ =
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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 Haken39,40
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where effective length scales for electron and hole polarons are
defined by

= ℏ *l m E/2e,h
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Dynamical screening by LO phonons also leads to
renormalized effective masses41

α̃ * = * +m m (1 /6)e,h e,h e,h (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

= − ∇ +H V r
1
2

( )X
2

H (6)

in the center-of-mass frame of the free exciton. To parameter-
ize these models, we used ab initio dielectric constants,
effective masses, and LO phonon energies reported42 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.42 The ground states of
HAX and HX were determined by the variational method.32

Table 1. Parameterized Ab Initio Constants and Exciton Energies in CsPbX3 (X = Cl, Br, I) Doped with RE3+ Impuritiesa

ELO [meV] ϵs ϵ∞ mh* me* EAX [meV] EX [meV] EX
exp [meV] ΔEcalc [meV] ΔEexp [meV]

CsPbCl3 26 17.5 3.7 0.28 0.30 −158.9 −104.4 −72,43 −6445 54.5 58 ± 6
CsPbBr3 18 18.6 4.5 0.20 0.21 −79.3 −40.3 −38,43 −3344 39.0 47 ± 6
CsPbI3 14 22.5 5.5 0.20 0.18 −44.9 −21.3 −1544 23.6 N/A

aExperimental defect-binding energies (ΔEexp, Gd3+) from Figure 2 are compared with the difference between free-exciton and VPb
2−-bound-exciton

energies, ΔEcalc = |EAX − EX|.
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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 these calculations. Table 1 also includes the
experimental exciton-binding energies (EX

exp) for compar-
ison.43−45 For CsPbBr3, we find good agreement between
our calculated EX and the experimental values.43−45 Although
the discrepancy is larger for CsPbCl3, it is smaller than that for
other reported computational values (e.g., 146 meV in ref 42).
We note that the authors of ref 42 found reductions of 12% to
17% in the exciton binding energy in the CsPbX3 series due to
phonon screening.
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 that ΔEcalc = |EAX − EX| decreases as the
halide atomic number increases in the CsPbX3 series. This
trend essentially reflects the changing dielectric constants
across this series: Coulombic interactions are more effectively
screened in lattices with heavier halides. Phonon screening
does contribute to the predicted values of ΔEcalc, however. For
example, the computed value of ΔEcalc in CsPbCl3 neglecting
phonon screening is 108.6 meV, compared to 54.5 meV in
Table 1.
The calculated splitting energies are compared with the

experimental values of ΔE in Table 1 and Figure 2D. The
quantitative agreement between the calculated and exper-
imental 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 3 for trapping an exciton to a single
shallow +1 donor defect such as REPb yields ΔEcalc = |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 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.
RE3+ Doping, Shallow Defects, and Related Observa-

tions. 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 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.46 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+.47 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 car-

riers.48 Similar NBE PL was also observed in the low-
temperature spectra of La3+:CsPbCl3 NCs

13 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 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 midgap
internal states. We conclude that the 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 (Figure S1). 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+ concen-
trations.32 DFT calculations on such clusters suggest their role
as shallow electron traps rather than shallow hole traps.49 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 (a spin band splitting in k-space occurring in
materials with large spin orbit coupling and lacking inversion
symmetry50). In CsPbBr3 nanocrystals, however, typical
Rashba splittings observed in magneto-optical measurements
are only ∼1−2 meV,51 that is, much smaller than the binding
energies observed here. Preliminary magneto-PL measure-
ments on these RE3+-doped CsPb(Cl1−xBrx)3 samples do show
circular polarization of the NBE emission (Figure S11), 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.
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
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of two Yb3+ dopants simultaneously, allowing the 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.13,23 This intermediate state depletes the
exciton population on the picosecond timescale and passes that
energy to Yb3+ with a time constant of ∼8 ns at room
temperature.13,23 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.

■ CONCLUSIONS
In summary, a combination of NC and thin-film synthesis,
VTPL and TRPL spectroscopies, 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 that 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.
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