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Doping has been established as a powerful approach for endowing lead halide perovskite nanocrystals
(NCs) with novel properties. However, our fundamental understanding of the local structure of dopants,
doping efficiency and luminescence properties of these NCs is still very sparse. Here, we provide the first
experimental evidence regarding the local structure of rare earth ions in CsPbCls NCs, based on the analysis
of extended X-ray absorption fine structure spectroscopy. Our result suggests that Niskad occupies the Pb%*
crystallographic sites in CsPbCls NCs. We further demonstrate a strategy to examine the determinant of the
doping efficiency in lanthanide-doped lead halide perovskite NCs, which enables us to uncover the
important role of structural defects in affecting the doping efficiency. A broad range of experimental
characterization techniques including steady-state and time-resolved luminescence spectra, X-ray
absorption spectra, and positron annihilation lifetime spectra, coupled with first-principles calculations, help
us identify that the doping efficiency is associated with structural defects in NCs and that the formation of a
higher-concentration of defects favors incorporation of a higher-concentration of dopants into the lattice.
Importantly, we demonstrate that the concept of defect-assisted doping is not limited to the model system
of Yb**-doped CsPbCls NCs, but can be used as a guideline to rationally tune the doping efficiency of
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lanthanide-doped halide perovskite NCs. We also show that lanthanide-doped CsPbCls NCs demonstrate
anomalous decay of the band-edge emission, which we propose is due to the existence of shallow trapping
states near the conduction band. Our results greatly deepen the understanding of the structural and
photophysical properties of lanthanide-doped lead halide perovskite NCs, and highlight the possibility to use
the chemistry of defects to tailor the doping efficiency of halide perovskite NCs.
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Introduction

Lead halide perovskite nanocrystals (NCs) are an emerging family
of low-cost, solution-processable semiconducting materials,
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which have attracted a great deal of interest for applications in
a diverse range of high-performance optoelectronic devices such
as solar cells, lasers, and light-emitting diodes (LEDs)." *® Similar
to their bulk counterparts,'”'® one common strategy used for
tailoring the properties of lead halide perovskite NCs is based
on compositional engineering, which can be readily achieved
by mixing halide ions or cations in the precursors or by post-
synthesis ion exchange under mild reaction conditions, which
allows very fine control over the NCs’ band gap.'®

Recently, it has been recognized that the targeted introduc-
tion of heteroatoms into halide perovskites can work as an
additional lever, beyond structural perfection and compositional
distinction, for endowing lead halide perovskites with many
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novel properties.>>™° This approach was first employed for
tuning the electronic and optical properties of lead halide
perovskite films and single crystals,*”*® and then extended to
tailor the properties of their nano-sized relatives.?®3%34¢ 5o
far, a wide range of metal ions, including Bi**,*
metal ions (e.g., Mn>" and Ni**),>’* and rare earth ions,
have been doped into matrices of lead halide perovskite
NCs, which introduces a series of novel functionalities includ-
ing new emission bands, an improved photoluminescence
quantum yield (PLQY), or enhanced stability.”® Rare-earth
doped lead halide perovskite NCs have received particular
attention because of the extremely expanded luminescence
properties.*®*® However, until now, there is no direct structural
evidence that explains the incorporation of rare earth ions
into the lattice of halide perovskite NCs, and the occupied
crystallographic sites of rare earth ions in the lattice thus
remain unknown.

Various parameters such as the reaction temperature and
duration, the precursors used, the stoichiometry of the reac-
tants, the chemical potentials of the constituent atoms, and
the surface morphology and shape of the NCs could impact
doping of foreign ions into the lattice of NCs.>**! Practically,
correlating these factors with the doping efficiency remains a
grand challenge, and design strategies for establishing such
a link remain largely obscure, because of the difficulty in
decoupling one factor from all possible sources. Additionally,
it is well recognized that lead halide perovskite NCs commonly
possess structural defects such as atomic vacancies."****
Nevertheless, to date, it remains unknown whether the doping
efficiency is associated with structural defects formed during
growth of NCs. Understanding the determinants affecting the
doping efficiency thus merits detailed studies to rationally
control the doping and to obtain more doped perovskite NCs
with alluring properties.

Here, for the first time, we experimentally examine the local
structure of rare earth ions in doped CsPbCl; NCs based on the
analysis of extended X-ray absorption fine structure (EXAFS)
spectra. Our result clearly evidences that Yb** substitutes for
Pb>". On this basis, we further provide a strategy to investigate
the determinant of the doping efficiency in lead halide per-
ovskite NCs, which enables us to uncover the important role of
structural defects in affecting the doping efficiency. The key for
the strategy’s success lies in unchanging all factors related to
the synthesis by using a one-pot method that yields separable
doped NCs with diverse sizes and crystal qualities, thus allow-
ing us to give a detailed study of the doping efficiency and the
structure of separated NCs. We first chose Yb**-doped CsPbCl,
NCs as an example system.’*® Interestingly, we find that
larger NCs show an obviously higher doping efficiency than
their smaller cousins, although they are from the same synth-
esis batch. Detailed structural and photophysical characteriza-
tion including EXAFS, positron annihilation spectroscopy, and
optical spectroscopy, combined with density functional theory
(DFT) calculations, leads us to establish a clear correlation
between doping efficiency and structural defects in NCs.
We find that a higher density of structural defects in larger
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NCs formed during growth favors incorporation of a larger
concentration of dopants into the lattice. Importantly, we find that
the concept of defect-assisted doping can be used as a guideline to
rationally control the doping efficiency of lanthanide-doped halide
perovskite NCs. Interestingly, we also discover that lanthnide-
doped halide perovskite NCs can demonstrate anomalous decay
and thermal quenching behavior of the band-edge emission,
which we attribute to the existence of shallow defect levels near
the conduction band.

Experimental section

Materials and chemicals

All chemicals, cesium carbonate (Cs,COj;, 99.99%, Aladdin),
lead(u) chloride (PbCl,, 99.999%, Alfa Aesar), ytterbium chloride
(YbCl3, 99.99%, Alfa Aesar), lanthanum chloride (LaCls, 99.99%,
Alfa Aesar), lead(u) acetate trihydrate (Pb(Ac),-3H,0, 99.999%,
Acros), poly(methyl methacrylate) (PMMA, average M,, ~ 350000
by GPC, Aldrich), 1-octadecene (ODE, 90%, Alfa Aesar), oleic acid
(OA, 90%, Alfa Aesar), oleylamine (OAm, 80-90%, Acros), tri-n-
octylphosphine (TOP, 90%, Alfa Aesar), benzoyl chloride (99%,
Sigma-Aldrich), methyl acetate (MA, 99%, Alfa Aesar), n-hexane
(Hex, >98.0% (GC), Aladdin) and toluene (AR, QS), were used
without purification unless otherwise noted.

Preparation of Cs-oleate

In a typical procedure, a mixture of 0.4073 g Cs,COj3, 1.35 mL
OA and 15 mL ODE was added to a 50 mL 3-neck round-
bottomed flask and degassed at 120 °C under a vacuum for 1 h.
Then the mixture was heated to 150 °C under N, until all
Cs,CO; was dissolved. The solution was kept at 150 °C.

Synthesis of Yb-doped CsPbCl; NCs for the X-ray absorption
measurement

PbCl, (0.2644 g), YbC, (0.2656 g), ODE (20 mL), OAm (3.2 mL),
OA (3.2 mL), and TOP (4 mL) were added into a 50 mL three-neck
round-bottomed flask, degassed at 120 °C for 1 h, and then
heated at 120 °C under N,. Then, 3.2 mL of dried OAm and
3.2 mL of dried OA were slowly injected into the solution. Ten
minutes later, the temperature was raised to 220 °C and kept at
220 °C for 5 min. Finally, the Cs-oleate (1.8 mL, 0.15 M in ODE)
was quickly injected and 1 min later the reaction mixture was
cooled down by an ice-water bath. To purify the NCs, the crude
solution was separated by centrifuging for 5 min at 12 000 rpm
using a desktop high-speed centrifuge (H1650-W, Cence). After
centrifugation, the supernatant was discarded and this process
was repeated two more times to remove the residual reaction
mixture. Then the precipitate was redispersed in 0.75 mL hexane
and 0.75 mL MA and centrifuged again for 5 min at 12 000 rpm,
and the supernatant was discarded. Subsequently, the particles
were redispersed in 1.5 mL hexane and centrifuged for 5 min at
12000 rpm, and the supernatant was discarded. After repeating
the previous step, the final samples were obtained. Note that this
method can get NCs with uniform sizes. The obtained NCs were
denoted CsPbCl;:Yb NCs.
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Synthesis of Yb-doped CsPbCl; NCs with a wide size
distribution

PbCl, (0.1521 g), YbCl; (0.1527 g), ODE (10 mL), OAm (1.6 mL),
OA (1.6 mL), and TOP (2 mL) were added into a 50 mL 3-neck
round-bottomed flask, degassed at 120 °C for 1 h, and then
heated at 120 °C under N,. After that, 1.6 mL of dried OAm and
1.6 mL of dried OA were slowly injected into the above mixture.
Ten minutes later, the temperature was raised to 240 °C. Then,
0.8 mL of dried OAm and 0.8 mL of dried OA were subsequently
injected into the reaction mixture and it was kept at 240 °C for
5 min. Finally, the Cs-oleate (1.035 mL, 0.15 M in ODE) was
quickly injected and 1 min later the reaction mixture was
cooled down by an ice-water bath. Note that OA and OAm were
degassed at 100 °C for 2 h under a vacuum, which were defined
as dried OA and dried OAm, respectively. After centrifugation,
the supernatant was discarded and this process was repeated
two more times to remove the residual reaction mixture. Then
the precipitate was redispersed in 0.75 mL hexane and 0.75 mL
MA and centrifuged again for 5 min at 12000 rpm, and the
supernatant was discarded. We note that the obtained NCs
feature a wide size distribution, as shown below. Subsequently,
we used a multi-centrifugation method to separate the NCs.”?
The particles were redispersed in 1.5 mL hexane and centri-
fuged for 5 min at 12000 rpm, and the supernatant was
reserved and denoted S-Yb-1. After repeating the previous step
three more times, different NC sets were collected, which are
denoted S-Yb-2, S-Yb-3, and S-Yb-4, respectively. The methods
for the synthesis of other samples are shown in the ESL¥

Composition, structure and TEM characterization

X-ray diffraction (XRD) patterns were taken with an X’Pert-Pro
MPD diffractometer (Netherlands PANalytical) with a Cu Ko
X-ray source (4 = 1.540598 A). The samples for XRD measure-
ments were evaporated, redispersed in toluene again, and then
dropped on a glass substrate. These steps were all done at room
temperature. Inductively coupled plasma mass spectrometry
(ICP-MS) (iCAPTM Qc, Thermo Scientific) was used to determine
the concentration of lead and ytterbium or lanthanum ions.
Transmission electron microscopy (TEM) images were collected
on an FEI Tecnai G20 S-TWIN TMP microscope operated at
200 kv. Samples were prepared by drying ~10 pL of dilute NC
solution in hexane/toluene on a carbon-coated copper grid.

Positron annihilation lifetime spectroscopy measurements

The positron annihilation lifetime spectra were taken by using
an ORTEC fast-fast coincidence system with a time resolution
of ~200 ps (full-width at half-maximum) at room temperature.
A 20 pCi *®Na positron source was sandwiched between two
identical samples, and the total counts of each lifetime spectrum
exceeded 3 million. Positron lifetime spectra were deconvoluted
by using the LT9 code. One channel represents the time of 12.7 ps.
The average lifetime is calculated by the following equation,

k+1

Tm — ;I,"L’,' (1)

This journal is © The Royal Society of Chemistry 2019

View Article Online

Paper

where 1., is the average lifetime, 7; corresponds to different
positron lifetimes, and I; corresponds to the relative intensity.

Absorption and luminescence measurements

The absorption spectra were collected with a double-beam
UV-vis-NIR spectrophotometer (Cary 5000, Agilent). Steady-
state photoluminescence (PL) spectra for S-Yb-x were measured
using a 375 nm laser as the excitation source. The signal was
analyzed by a single-grating monochromator and detected by a
liquid-nitrogen-cooled CCD detector. The spectral response of
the detection system was corrected by a standard optical source
(DH-3-BAL-CAL-EXT, Ocean Optics). Temperature-dependent
PL spectra for S-La-x thin films were obtained by exciting the
sample with a 375 nm semiconductor laser. The films were
mounted in a helium exchange cryostat and the PL was analyzed
using a monochromator (Horiba, iHR550) and detected using an
electrically cooled PMT (Hamamatsu, R928). In order to prevent
the agglomeration of NCs, the polymer (PMMA) is introduced
before the preparation. PMMA powder was dissolved in toluene
at a concentration of 25 mg mL ™. The NC solution was evaporated,
redispersed in PMMA/toluene again at a concentration of 1 g mL ™",
and spin-coated (700 rpm, 30 s) onto a quartz substrate. The
copolymer composite films were kept in a nitrogen atmosphere
for further measurements. The PL spectra of other samples
were collected on a spectrometer equipped with a 450 W xenon
lamp (FLS980, Edinburgh Instruments). Room-temperature
PLQYs were measured using an integration sphere incorpo-
rated into a spectrofluorometer (FluoroLog, Horiba) equipped
with a 450 W xenon lamp. Time-resolved PL measurements of
visible luminescence were acquired on a Lifespec II setup
(Edinburgh Instruments, UK) using a picosecond-pulsed
373 nm laser (pulse width: 43 ps) as the excitation source.
The excitation energy density is 4.0 pJ em™>. Time-resolved PL
measurements of Yb luminescence were performed by detect-
ing the modulated luminescence signal with a photomultiplier
tube (Hamamatsu, H10330-75) and then analyzing the signal
with a photon-counting multichannel scaler; the samples were
pumped by 355 nm light from a Nd-YAG laser system with a
repetition frequency of 10 Hz. All NC solutions were diluted to
an optical density of ca. 0.08 at the corresponding excitation
wavelength.

X-ray absorption spectroscopy

The X-ray absorption spectra of the Pb Ly-edge and Yb Ly;-edge
for the Yb-doped CsPbCl; NC samples were obtained on the
1W2B beam line of the Beijing Synchrotron Radiation Facility
with a stored electron energy of 2.5 GeV and average ring
currents of 200 mA. A fixed-exit Si(111) double crystal mono-
chromator was used. The NCs were repeatedly synthesized
according to the synthesis methods described above to obtain
sufficient amounts of NCs for the measurement of the X-ray
absorption spectra. The obtained NCs were evenly dispersed on
single-sided adhesive tape (Scotch). Data were collected in
transmission mode at room temperature. The Pb (Alfa Aesar,
99.9%) and PbCl, (Alfa Aesar, 99.999%) powders, Yb (Aladdin,
99.9%) and Yb,0; (Aladdin, 99.99%) were used as reference
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samples. The oxide layer for the Pb powder was removed
by annealing at 150 °C for 1 h under a reducing atmosphere
(H2/N,: 5%). All X-ray absorption spectra were taken at room
temperature. The obtained data were analyzed using the IFEFFIT
software package.

Density functional theory (DFT) calculations

We mainly considered point defects in pure (undoped) and
doped CsPbCl;, namely, atomic vacancies (Vcj, Vpp, and Vg in
pure CsPbCl; and Yb-V¢;, Yb-Vpy,, and Yb-V in doped CsPbCls)
and substitutional defects (Ybpy,). All calculations were performed
using the Vienna ab initio simulation package (VASP) based on
DFT using projector augmented wave (PAW) potentials.>*>*
A single point at the generalized gradient approximation (GGA)
of Perdew-Burke-Ernzerhof (PBE) was employed to treat the
exchange-correlation energy. The cutoff energy of the plane-
wave basis was set to 450 eV. The self-consistent total-energy
difference and the convergence criterion for forces on atoms
were set to 10" * eV and 0.01 eV A, respectively. For first
Brillouin zone integration, we selected a 3 x 3 x 3 Monkhorst-
Pack mesh for a 3 x 3 x 3 supercell. Fig. S1 (ESIT) shows the
position of the Yb dopant, CI vacancy, Cs vacancy and Pb
vacancy, respectively. After the introduction of the vacancy
and dopant, all the systems were fully relaxed. The number of
atoms and lattice parameters (a = b = ¢, and volume, V) in the
3 x 3 x 3 CsPbCl; supercell before and after introducing
the vacancy/dopant are listed in Table S1 (ESIt). The lattice
parameters of a relaxed cell for pure CsPbCl; are found to be
a=b=c=5721A, in good agreement with other theoretical
results (5.7285 A).°® A small difference exists between the experi-
mental values (@ = b = ¢ = 5.605 A) and the calculated results. The
total electric charges of the systems containing a vacancy/dopant
are set to 0 e (i.e., the systems are electrically neutral). The
valence states of the atoms around the vacancy/dopant were
obtained by subtracting the core charge from the calculated
Bader charge as listed in Table S1 (ESIT). Because of the large
supercell and great number of atoms, all calculations of band
structures and densities of states (DOSs) were performed based
on the PBE functional. In both band structures and DOSs, the
zero energy point was set to the Fermi level of the pure CsPbCls.
The system with a defect was corrected by aligning the average
electrostatic potential of Cs atoms located far from the defect to
that of the same element in the pure CsPbCl;.

Results and discussion
Local structure of Yb** ions in CsPbCl; NCs

We chose Yb*'-doped CsPbCl; NCs as a model system to
investigate the local structure of Yb*" ions in the CsPbCl, lattice.
The reason for choosing Yb*" ions as dopants lies in the fact that
Cs and Pb have strong X-ray absorption capabilities. Compared
with other lighter lanthanide ions, the fluorescence signal from
the Yb element is relatively less influenced by Cs and Pb when
taking the X-ray absorption spectra in fluorescence mode, a
method generally used when the dopant concentration is
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Fig. 1 (a) k>-Weighted Yb L;-edge EXAFS and (b) corresponding FT of
CsPbCls:Yb NCs.

not high. We found that even for the Yb element, its concen-
tration should be high to obtain the Yb Lj-edge EXAFS spectrum
with a good signal to noise ratio. The Yb>'-doped CsPbCl; NCs
used for the X-ray absorption spectrum have a Yb to Pb molar
ratio of 2.71% and an average edge length of 9.17 nm (Fig. S2,
ESIt). The powder XRD pattern indicates that these NCs adopt a
cubic phase of space group Pm3m (221) (Fig. S3, ESI}).

Fig. 1 shows the Yb Lpj-edge EXAFS spectrum and the
corresponding Fourier transform (FT) for the Yb**-doped CsPbCl,
NCs. As is well recognized, the peak in R space corresponds to
the interatomic distances between absorbing and surrounding
atoms.>* Because of photoelectron phase shift, the peak position
in the FT can decrease by ca. 0.5 A relative to the actual
interatomic distance. It is noted that there is a peak at about
2.07 A (the distance not phase corrected) in R space (Fig. 1b),
which is only slightly smaller than the bond length of Pb-Cl in
CsPbCl; but much smaller than that of the Cs-Cl bond length,
after considering the photoelectron phase shift (Fig. S4, ESIT).
This strongly suggests that the Yb®>" ions most possibly substitute
for the Pb®" ions instead of the Cs* ions. To examine this
possibility, we then analyzed the obtained EXAFS spectrum
through a single-shell fit over an R range of 1.35-4.0 A by the
IFEFFIT software package.’® We used the model of Yb*" ions at
the Pb*" sites in CsPbCl; for this analysis, which was constructed
ab initio using the FEFF program code in the IFEFFIT software
package. Five parameters were used for the fitting: the coordina-
tion number (CN), the energy shift (AE,), the adjustment of the
half path length (AR), the mean-square relative displacement of
absorber and backscatter atoms (¢°), and the correction to the
imaginary energy (E;). As displayed in Fig. 1b, the spectrum can be
fitted well, with CN = 4.50 + 0.42, AE, = —23.04 + 1.84 eV, AR =
0.022 £ 0.021 A, ¢® = 0.021 + 0.002 A%, and E; = —4.70 £ 1.09 eV.
All these facts indicate that the incorporated Yb** ions are at the
Pb** sites. To the best of our knowledge, this represents the first
structural evidence that indicates the occupied crystallographic
sites of rare earth ions in the lead halide perovskite lattice.

Doping efficiency and optical properties of lanthanide-doped
CsPbCl; NCs

We next investigated the doping efficiency and optical proper-
ties of lanthanide-doped CsPbCl; NCs. Here, we synthesized
Yb**-doped CsPbCl; NCs by a modified approach (see the

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 (a) Schematic illustration of the strategy for attainment of NCs with
different sizes and qualities. (b—e) TEM image of S-Yb-1 (b), S-Yb-2 (c),
S-Yb-3 (d), and S-Yb-4 (e). The insets of (b—e) show the histograms of
edge lengths of NCs. The average sizes and standard deviations for S-Yb-1,
S-Yb-2, S-Yb-3 and S-Yb-4 are 8.35 £+ 0.02 nm, 9.33 + 0.06 nm, 11.07 +
0.07 nm, and 11.35 £ 0.07 nm, respectively. Note that the average sizes are
obtained by Gaussian fitting.

synthesis details in the Experimental section),"***® which
allowed us to obtain NCs with a wide size distribution (Fig. S5,
ESIt). Such as-prepared NCs were then subjected to multi-step,
high-speed centrifugation using hexane as the solvent, which
allows us to separate these NCs into diverse fractions with
different average sizes (Fig. 2a). The fractions were denoted
S-Yb-x, where x represents the centrifugation number of times
(CNT) of NCs dispersed in 1.5 mL hexane. We find that the size
of S-Yb-x is notably different. With the increase of the CNT, the
edge length of NCs gradually increases, from 8.35 nm for S-Yb-1
to 11.35 nm for S-Yb-4 (Fig. 2b-e). We note that the product
yield decreases as the CNT increases (Table S2, ESIT), and that
all obtained products are phase-pure as confirmed by powder
XRD (Fig. S6, ESIT).

The method used here relies on multi-centrifugation to
separate the NCs, which involves the use of hexane to disperse
the NCs. Considering that the increase of the CNT means
that NCs interact with more hexane, we devised the following
experiment to examine the influence of hexane on the proper-
ties of the NCs by monitoring the change of the PL of the NCs.
Using S-Yb-1 as the model case, we diluted three S-Yb-1 solutions
with n-hexane and adjusted the optical density to 1, 2, and 3. This
means that each NC interacts with different amounts of hexane.
After keeping the solutions for two hours, we diluted them to an
identical optical density of 0.08 at 375 nm, and then measured the
PL. The samples were denoted OD1, OD2, and OD3, according
to the original optical density. We find that all these samples
demonstrate almost identical PL with respect to S-Yb-1 (Fig. S7,
ESIt), suggesting that the use of more hexane cannot notably
affect the quality of NCs.

Another possible source that can affect the NCs’ quality is
the centrifugation process, because it may be argued that the
centrifugal force could strip off the organic capping agents of
NCs that can result in the introduction of defects on the NCs’
surface. We then devised the following method to examine this
possibility. We diluted three S-Yb-1 solutions with n-hexane and
adjusted the optical density to 1, 2, and 3. These NC solutions
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were centrifuged for 5 min at 12000 rpm. This process is
repeated three times in order to maintain consistency with
the sample preparation process. Finally, all NC solutions were
diluted to an optical density of 0.08 at 375 nm to compare the
PL intensity. These solutions were denoted OD1-C, OD2-C, and
OD3-C, according to the original optical density. As shown in
Fig. S8 (ESIt), we can see that the PL intensity almost does not
change, indicating that the centrifugation process cannot affect
the NCs’ quality. We speculate that the most possible reason is
that the NCs were capped by a large number of organic agents,
given the fact that all S-Yb-x NCs are heavily oily.

Beyond the expectation that all as-synthesized NCs have the
same doping efficiency, the most interesting thing we find is
that the concentration of Yb®* ions notably rises with the
increase of the CNT, from a Yb/Pb molar ratio of 0.62% in
S-Yb-1 to 1.21% in S-Yb-4 (Table S2, ESIY). This gives a direct
indication that more dopants can be incorporated into larger
NCs. After Yb** doping, the PLQYs of S-Yb-1, S-Yb-2, S-Yb-3, and
S-Yb-4 are 87.9%, 80.6%, 67.0%, and 58.3%, respectively, much
larger than that of their undoped counterpart (Fig. S9, ESI)."**
The absorption edge and band-edge emission of doped NCs
slightly redshift with the increase of the NCs’ size (Fig. 3a
and b), which probably results from size-induced minor altera-
tion of the absorbing and emitting states in NCs.””"*® We point
out that recent detailed structural analysis suggests that all-
inorganic lead halide perovskite NCs were composed of ordered
subdomains that are hinged through a two-/three-dimensional
network of twin boundaries.”®> We surmise that doping of
Yb®" into the lattice may affect the subdomains of NCs, which
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Fig. 3 (a) Absorption spectra of S-Yb-x. (b) Visible emission (left) and
near-infrared (NIR) emission spectra of S-Yb-x. The inset shows the
enlarged NIR emission spectra. The dotted line shows the change of the
emission peak. The FWHMs of visible PL for S-Yb-1, S-Yb-2, S-Yb-3 and
S-Yb-4 are 13.1 nm, 13.0 nm, 12.9 nm and 12.8 nm, respectively. Note that
the visible and NIR emission spectra were taken by the same detection
system, the spectral response of which was corrected by a standard optical
source. (c) Time-resolved PL of S-Yb-x; the monitored wavelength is
407 nm. (d) Time-resolved PL of Yb** emission in S-Yb-x; the monitored
wavelength is 980 nm.
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probably affect the absorbing and emitting states. Broad emis-
sion bands centered at 980 nm from the separated NC sets are
observed (Fig. 3b), which can be ascribed to the characteristic
emission of Yb*" ions that were excited by energy transfer from
excitons of CsPbCl; NCs to Yb*' ions.*®3® As a result, the
lifetimes of band-edge emission of CsPbCl; NCs are expected
to be shortened from S-Yb-1 to S-Yb-4 because of the increased
concentration of Yb®" ions. Furthermore, the decreased PLQYs
of the band-edge emission hint that the corresponding life-
times should be shortened from S-Yb-1 to S-Yb-4, if the energy
transfer from the excitons to the Yb®" ions is the only energy
loss channel for the band-edge emission. However, it is very
interesting that the corresponding lifetime of the band-edge
emission from S-Yb-1 to S-Yb-4 increases anomalously (Fig. 3c
and Table S3, ESIt). This strongly evidences that other energy
relaxation channels contribute to the decay process, which will
be discussed below. As shown in Fig. 3d, the PL kinetics at
980 nm becomes slower upon Yb doping from 0.62% to 1.21%,
resulting in increased average lifetimes (Table S4, ESIT).

We reasoned that the obtained NC sets with different sizes
from the same synthesis batch should feature different crystal
qualities, because of different growth rates. Given that the
crystal quality is intimately associated with the local coordina-
tion environments of the constituent atoms and that EXAFS
spectroscopy is a powerful technique for the examination of the
local coordination environment and local order around the
absorbing atoms,**°>°! we therefore took the EXAFS spectra at
the Pb Ly-edge for the representative samples S-Yb-1 and S-Yb-4.
The k*-weighted Pb Lyedge EXAFS and the corresponding
Fourier transforms (FTs) of S-Yb-1 and S-Yb-4 are shown in
Fig. 4a and b. We note that the magnitude of S-Yb-1 in R space
is slightly stronger than that of S-Yb-4 (Fig. 4b), signifying the

o
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@ Fitting curve
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Fig. 4 (a) k’>-Weighted Pb Ly -edge EXAFS and (b) corresponding FTs of
S-Yb-1 and S-Yb-4.
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slightly better structural order around Pb atoms in S-Yb-1.
To gain further insight into the difference in crystal quality
for S-Yb-1 and S-Yb-4, we then carried out a single-shell fit of
both EXAFS spectra. Four parameters were used for the fitting:
CN, AE,, AR, and ¢°. As shown in Fig. 4a and b and Table 1,
although S-Yb-1 and S-Yb-4 have comparable ¢” values (0.0151 A?
for S-Yb-1 and 0.0154 A? for S-Yb-4), the coordination number
of Pb with chloride atoms in S-Yb-4 is slightly smaller than that
in S-Yb-1. Based on the fact that the EXAFS analysis typically
gives an uncertainty of +20% in the determination of the CN,**
the EXAFS result, to a small extent, suggests that larger CsPbCl;
NCs with higher Yb concentrations probably exhibit a relatively
poorer structural order compared with their smaller cousins
with low Yb concentrations. We note that recent work on Mn
doped halide perovskite NCs revealed a doping concentration-
dependent bond length using X-ray absorption fine structure
measurements.®> However, owing to the low concentration of
Yb ions in the doped NCs, the change of bond length is not so
significant (Table 1).

The small difference in the short-range order of Pb* ions in
Yb**-doped NCs with different sizes stimulates us to seek a more
sensitive measurement technique to explain their difference.
Positron annihilation lifetime spectrometry is a well established
sensitive technique to examine defects in solids, and measuring
the lifetime of positrons can provide information about the type
and relative concentration of defects at the sub-nm scale, even at
the parts-per-million level. The general working principle is
based on correlating the lifetime (dwell time) of the injected
positrons with the sample void (or vacancy) size (longer lifetimes
correspond to large void sizes).®* ®> By monitoring the evolution
of the positron lifetimes in the targeted systems, one can glean
important clues regarding the changes in the types and relative
concentrations of defects.®**

As shown in Fig. 5, the positron lifetime spectra of both
S-Yb-1 and S-Yb-4 yield three lifetime components (Table 2).
The longest component (t3, 2.43 ns for S-Yb-1 and 2.74 ns for
S-Yb-4) could be associated with large-size defects, probably
subdomain boundaries in NCs, because it was revealed that the
CsPbCl; NCs are composed of multiple subdomains.>® The
shortest lifetime can be tentatively assigned to atomic vacan-
cies, such as Cl, Cs or Pb vacancies, whereas 17, probably is
associated with a large vacancy complex, probably connected
with Yb dopants. We note that the average positron lifetime in
S-Yb-4 is longer than that in S-Yb-1, suggesting a higher
concentration of defects in S-Yb-4. Interestingly, it is found
that, in comparison with S-Yb-1, S-Yb-4 possesses a shorter 7,
with a smaller percent (20.71%) and a longer t; with a larger

Table 1 Main fitting results of the fit performed on the Pb L -edge k*-weighted EXAFS spectra for S-Yb-1 and S-Yb-4

Sample Shell CN? AE,” (eV) o> (A% RY (A) R-Factor
S-Yb-1 Pb-Cl 5.47 + 0.34 —0.75 + 0.60 0.0151 + 0.0010 2.83 + 0.01 0.0044
S-Yb-4 Pb-Cl 5.14 £ 0.57 —1.06 + 1.05 0.0154 £ 0.0017 2.84 +£ 0.01 0.0205

“ The fitted coordination number. ” The energy shift.  The mean-square relative displacement of absorber and backscatter atoms. ¢ Distance

between absorber and backscatter atoms; R is the effective distance used
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Fig. 5 Positron lifetime spectra of S-Yb-1 and S-Yb-4.

Table 2 Positron lifetime parameters of S-Yb-1 and S-Yb-4

Sample 7, (ns) T, (ns) 1w (ns) I (%) L (%) Iz(%) tm(nS)

S-Yb-1 0.28 0.68 2.43 58.77 34.37 6.87 0.57
S-Yb-4 0.29 0.61 2.74 69.68 20.71 9.61 0.59

percent (9.61%). This suggests that the relative concentration of
different defects is different in both samples, and S-Yb-4 has a
higher concentration of large-size defects. We surmise that this
may be triggered by the increase of the defect concentration in
NCs. Collectively, this analysis clearly evidences that S-Yb-4
possesses a higher-concentration of structural defects.

To gain insight into the impact of atomic vacancies on the
electronic structure and DOSs of Yb**-doped CsPbCl; NCs, we
next performed DFT calculations.®®®" We consider four models
for doped CsPbCl;, featuring Yb**-doped CsPbCl; without any
defects and Yb**-doped CsPbCl; with Cl, Cs and Pb vacancies.
We note that, similar to undoped CsPbCl;,** the states around
the band gap for doped CsPbCl; mainly come from Pb and Cl
atoms, whereas Cs and Yb have no contribution. It is noted
that, although Cl, Cs and Pb vacancies cannot notably affect the
electronic band structure of doped CsPbCl; (Fig. 6 and Fig. S10,
ESIt), the introduction of Cl vacancies can give rise to deep
defect levels that function as nonradiative recombination channels
(Fig. 6b), which may be one reason for the decreased total
emission intensity in larger Yb**-doped NCs. We note that there
are other possibilities for the existence of other types of large-
size defects, as suggested by positron annihilation lifetime
spectroscopy, which possibly introduce shallow defect levels
near the conduction band.

Based on all experimental and theoretical results, we establish
that larger Yb**-doped CsPbCl; NCs possess high-concentration
defects and Yb ions, ie., the doping efficiency can be associated
with structural defects in NCs. We are thus intrigued whether
this phenomenon also exist in other lanthanide-doped halide
perovskite systems. For this purpose, we grew La**-doped CsPbCl,
NCs and then separated these NCs to get sets with different
sizes. All of the obtained products are phase-pure as confirmed
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Fig. 6 (a) Band structure and DOS of Yb-doped CsPbCls with a Cs vacancy.
(b) Band structure and DOS of Yb-doped CsPbCls with a Cl vacancy. The
dotted lines in (a and b) represent the Fermi levels.

by powder XRD (Fig. S11, ESI{) (see the synthesis details in the
ESI¥). One reason for choosing La*" as the dopant is that the ionic
radius of La®*" is much larger than that of Yb*" (six-coordinate
ionic radii are 103 and 87 pm for La** and Yb*', respectively),*®
which can lead us to examine whether the observed phenomenon
also exists for large-size dopants. Another benefit lies in the
optical inactivity of La®", which makes it easier to gain deep
insight into the photophysical properties. The samples were
denoted S-La-x, where x represents the CNT of NCs dispersed in
1 mL hexane. Interestingly, we find a similar phenomenon as
observed in Yb**-doped CsPbCl; NCs. With the increase of the
CNT, the edge length of NCs notably increases, from 8.0 nm for
S-La-1 to 15.4 nm for S-La-3. Correspondingly, the La concen-
tration increases from 2.28% for S-La-1 to 6.60% for S-La-3
(Fig. 7a-c). Additionally, we find that the size increase of NCs
causes a redshift of absorption and emission bands (Fig. 7d
and e). Notably, the band-edge emission becomes weaker from
S-La-1 to S-La-3, when all PL spectra were measured under the
same optical density of NC solutions. Given the fact that La** is
optically inactive, we conclude that larger La**-doped NCs have
higher-concentration structural defects that introduce more
nonradiative recombination channels. Therefore, this result
offers additional evidence that the doping efficiency is related
to structural defects.

We further investigated the PL decay kinetics of the band-
edge emission in La*"-doped CsPbCl; NCs. Interestingly, as
shown in Fig. 8a and Table S5 (ESIf), the lifetime increases
from S-La-1 to S-La-3, which is in marked contrast with the
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Fig. 7 (a—-c) TEM image of S-La-1 (a), S-La-2 (b), and S-La-3 (c). The La
concentrations are indicated in the TEM images. The insets show the
histograms of edge lengths of NCs. The average sizes and standard
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S-La-2, and S-La-3 are 10.8 nm, 10.3 nm, and 9.9 nm, respectively. The
excitation wavelength for PL is 375 nm, and all PL spectra were measured
under the same optical density of NC solutions.
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steady-state PL results, but is similar to the trend as observed in
Yb**-doped NCs. Based on this fact, we can conclude that other
pathways are involved in the decay process. As carrier trapping
is a thermally activated process, we next investigated the
temperature-dependent PL of La*"-doped CsPbCl; NCs dis-
persed in PMMA. The PL intensity of S-La-1 monotonously
decreases with an increase of temperature from 250 K to 315 K,
suggesting the enhanced trapping of photogenerated charge
carriers at high temperatures. Interestingly, it is found that the
PL intensity of S-La-3 decreases from 250 K to 296 K, but increases
from 296 K to 302 K, and then decreases when further increasing
the temperature (Fig. 8b). The observation of negative thermal
quenching in a narrow temperature range is interesting. In
recent work by Samanta et al., negative thermal quenching of
luminescence is also observed in a broader temperature range
for Cd**-doped CsPbCl; NCs.*” Two types of trapping centers can
affect the PL behavior. One is a deep trapping center (e.g., Cl
vacancies in CsPbCl;) that causes nonradiative recombination.
This type of center is detrimental to the PL emission, resulting in
a decreased PLQY and a shortened lifetime. The other is a
shallow trap center, which lies very close to the excitonic state.
The trapping-detrapping process related to this type of center is
temperature dependent, and the charge carriers trapped in these
shallow trap states can return to the excitonic state at moderate
temperatures by thermal energy and recombine radiatively. This
type of center results in an increased PL intensity and lifetime,
when the trapped carriers can be thermally liberated.®”

In our experiment, with the increase of the dopant concen-
tration, the room-temperature decay dynamics of the band-edge
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Fig. 8 (a) Time-resolved PL of S-La-x; the monitored-wavelength is
407 nm. (b) Variation of the PL intensity of S-La-1 and S-La-3 with
temperature in the range of 250-315 K.

emission for both Yb**- and La**-doped NCs becomes slower,
suggesting a similar intrinsic mechanism for this phenomenon.
The combined experimental and theoretical results lead us to
propose the following plausible model for the observed PL
behavior. In the smaller NCs with a low-concentration of
dopants, the concentration of shallow trapping states is limited,
and the deep trapping state dominates the PL behavior, which
demonstrates normal thermal quenching of the band-edge
emission (Fig. 9a). However, in the larger NCs with a high-
concentration of dopants, both deep and shallow trapping
centers affect the PL behavior; in a moderate temperature
range, the trapped charge carriers at shallow trapping centers
near the conduction band will contribute to the lengthening of
PL lifetimes (Fig. 9b). We point out that the extent to which the
lifetime is lengthened is intimately associated with the concen-
tration of shallow traps and the release rate of trapped carriers
from these traps. As is experimentally revealed, the larger NCs
with a higher concentration of dopants have a higher-density of
structural defects (Fig. 4, 5 and 7), which provides chances for
the introduction of a higher-concentration of shallow trapping
states that can cause the increased lifetimes of the band-edge
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Fig. 9 Schematic illustration of the mechanism of PL properties for small
(a) and larger (b) NCs with low- and high-concentration defects, respectively.
The pale curved line represents the nonradiative relaxation from the
conduction band to the exciton level. The black and violet arrow lines
represent the excitation and band-edge emission, respectively. The blue
arrow lines represent the trapping or detrapping of charge carriers. The
thickness of the blue arrow line indicates the degree of trapping or
detrapping of charge carriers. The red arrow lines represent the nonradiative
recombination of trapped electrons with photogenerated holes. The thickness
of the red arrow line indicates the degree of nonradiative recombination of
trapped electrons with photogenerated holes.
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emission (Fig. 3c and 8a). Therefore, the longer lifetime of the
band-edge emission in larger NCs in the series of S-Yb-x and
S-La-x can be viewed as a reflection of the increased concen-
tration of structural defects. Specifically, for Yb*"-doped NCs,
the nonradiative energy transfer from the excitons to Yb*" ions
results in the NIR emission at 980 nm. We stress that the
occurrence of the shallow defect levels near the conduction band
probably plays a role in this energy transfer process. As recently
revealed by Gamelin and coworkers, ultrafast optical spectro-
scopy measurements hint that the incorporation of rare-earth
ions into the CsPbCl; NCs introduces a shallow defect level
possibly caused by a defect complex.*®

As is well recognized, the coordination of Yb*" ions with
organic capping agents generally results in strong quenching of
NIR emission.’® However, the Yb>" emission in our samples is
long-lived (Fig. 3d), comparable to that in inorganic matrices,
suggesting that most of the Yb*" ions are internally doped.?*~®
This is in good agreement with the EXAFS result. We note that,
although larger Yb**-doped NCs are more defective than their
smaller cousins, the average lifetimes of Yb** emission in larger
NCs are longer than those in smaller ones (Fig. 3d), probably
because more dopants are in the bulk in larger NCs (i.e., with
less Yb*" at or near the surface of NCs). We point out that
previous results show that the NIR emission characteristics of
Yb**-doped CsPbCl; NCs are closely related to the synthesis
methods used,*****” which may be due to the difference in
defect types and concentration and the Yb distribution in these
NCs. Based on our results and previous work,*****” synthe-
sizing Yb**-doped CsPbCl,; NCs that have defects and a Yb
distribution suitable for Yb emission is the key to realize
efficient NIR emission. We stress that at present the exact
distribution of dopants in halide perovskites (e.g., the ratio of
dopants at or near the surface to those in the bulk and the
homogeneity of dopants) is not clear, which remains an open
question for further research.>?

Generality of defect-assisted doping

Our results suggest a new view of doping: that dopants are most
easily introduced into NCs with higher-concentration structural
defects. We thus term this finding as a concept of defect-
assisted doping. Interestingly, we find that this finding is also
applicable to Yb**-doped CsPb(Cl,Br); NCs (Fig. $12, ESIt). We
next test the possibility of using this concept as a guideline to
intentionally control the doping efficiency of lanthanide-doped
halide perovskite NCs. As previously revealed, under Cl-poor
conditions, the formation energies of atomic vacancies are much
lower than those under Cl-rich conditions.** We thus synthesized
Yb**-doped CsPbCl; NCs under Cl-poor conditions by merely
decreasing the amount of the Cl source while maintaining all
other factors unchanged. The powder XRD patterns confirm that
the products are phase-pure (Fig. S13, ESIf) (see the synthesis
details in the ESI{). Interestingly, we find that the Yb** concen-
tration in NCs synthesized under Cl-poor conditions is much
larger than that under Cl-rich conditions, although they have a
similar size (Fig. S14, ESIt). We stress that this finding is in the
framework of lanthanide-doped lead halide perovskite NCs,
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Fig. 10 Schematic illustration of the proposed growth process of doped
CsPbCls; NCs.

and whether it is applicable to other classes of doped NCs
deserves to be further studied.

Models for the defect-assisted doping efficiency

We note that macroscopic semiconductors grown under
thermal equilibrium can be doped with foreign ions up to their
solid solubility limit, which is completely determined by the
Gibbs free energy and the growth temperature.”® However,
colloidal NCs, not limited to CsPbX; studied here, are typically
grown using colloidal synthesis at much lower temperatures,
which corresponds to growth conditions featuring thermal
non-equilibrium. Therefore, the incorporation of dopants into
NCs can be viewed as a Kkinetic process that is intimately
associated with adsorption of dopant ions during growth of
NCs.”! Based on these facts, a possible mechanism for the
defect-assisted doping is thus proposed as follows. Given the
characteristics of colloidal synthesis, the structural defects (e.g.,
atomic vacancies, vacancy complexes) could be randomly and
unintentionally introduced into the lattices of some NCs during
the one-pot growth, which causes the difference in the defect
amount at different growth stages for different NCs (Fig. 10).
From this perspective, it becomes understandable that the
formation of a higher-concentration of atomic point defects
during assembly of the constituent atoms should provide more
channels for adsorption and then incorporation of dopant ions,
resulting in a larger doping efficiency (Fig. 10). One possible
source for the formation of defects can be connected with a fast
growth rate, which may cause imperfect assembly of constitu-
ent atoms, as experimentally found in undoped NCs (Fig. S9,
ESIT). Another possible source may be due to the dopant-
related structural defects formed during growth of NCs, which
may further trigger the adsorption and then incorporation of
dopants. Additionally, intentional tuning of growth conditions
that favor the occurrence of deficiencies of constituent atoms
can also enhance the doping efficiency of the targeted system
(Fig. S14, ESIT). We underscore that our finding suggests that
structural defects can play a positive role in enhancing the
doping efficiency of lanthanide-doped lead halide perovskite
NCs, which does not rule out other possibilities to tune the
doping efficiency by tailoring the synthesis parameters.
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Conclusions

To summarize, we have systematically investigated the local
structure of dopants, doping efficiency, and luminescence
properties of lanthanide-doped lead halide perovskite NCs. By
using Yb**-doped CsPbCl; NCs as a model system, we showed
that the Yb*' ions occupy the Pb** crystallographic sites in
CsPbCl; NCs. Our work presents the first experimental evidence
that rare earth ions can be heterovalently incorporated into the
perovskite lattice. On the basis of the combined experimental
and theoretical evidence, we identified that structural defects
formed during growth of halide perovskite NCs play a positive
role in enhancing the doping efficiency of the NCs, i.e., that the
formation of a higher-concentration of defects facilitates
the introduction of a higher-concentration of dopant ions. We
demonstrated that the concept of defect-assisted doping can be
adopted as a guideline to rationally tune the doping efficiency
of lanthanide-doped halide perovskite NCs. We also found
that lanthanide-doped CsPbCl; NCs can exhibit anomalous
photophysical behaviors of the band-edge emission, which we
propose is due to the existence of shallow trapping states near
the conduction band. This work establishes the relationship
between structural defects and doping efficiency in lanthanide-
doped halide perovskite NCs, and suggests the possibility
of doping previously undopable ions into halide perovskite
lattices by intentionally creating structural defects. We think
that these insights present a model case for understanding the
local structure of dopants, doping efficiency, and luminescence
properties of doped halide perovskite polycrystalline films and
other families of NCs.
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