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ABSTRACT: Cesium lead halide perovskite nanocrystals (NCs) have emerged as One-Pot Synthetic Surface Passivation
promising luminescent materials for a range of applications. However, the creation

of highly luminescent violet-emitting CsPbCl; NCs mostly relies on doping of a K

limited number of small-sized metal ions or post-synthetic surface treatment of ‘ ,
NCs. Alkaline-earth (AE) metals (e.g,, Ca**, Sr**, and Ba**) have been proposed to e

be able to substitute Pb>* in halide perovskites, yet it remains incompletely PLQY ~ 0.8% PLQY ~ 77.1%
understood whether AE metal ions can be incorporated into the perovskite lattice

or can be merely situated at the surface. Here, we explore the possibility of using —— Or

AE metal ions for the suppression of the formation of trap centers, which leads us JW Qc

to develop a one-pot synthetic passivation strategy to boost the violet-emitting /ﬁ@f Oca
efficiency of CsPbCl; NCs through the creation of a Ca**/Sr** involved passivation a“ﬁﬂo% O Cl vacancy
layer. The photoluminescence quantum yield of violet emission reaches 77.1% by -

incorporating an optimal amount of Ca®>". A wide range of optical and structural

characterizations, coupled with first-principles calculations, aid in clarifying the underlying mechanism for the AE-metal-
dependent passivation of CsPbCl; NCs. Specifically, based on the experimental and theoretical results, a model is proposed for
the observed abnormal incorporation phenomenon of AE* ions in NCs (i.e., Ba** can be incorporated into the core of NCs,
Ca’/Sr** can only be at/near the surface, while Mg** can neither be in the core nor at the surface). We believe that the
knowledge gained here may not only offer a new perspective to obtain high-efficiency violet-emitting perovskite NCs through a
one-pot synthetic passivation but can also help elucidate the functions that AE*" ions play in the optimization of perovskite
optoelectronic devices.

B INTRODUCTION emitting diodes,*™** single-photon sources,”” > X-ray
scintillators,”® and lasers.””*® However, in contrast to CsPbBr,

and CsPbl; NCs, CsPbCl; NCs show relatively low PLQY,
16,21,29,30 rpp

Lead halide perovskites have aroused intense scientific
attention owing to their low cost and outstanding optoelec-
tronic properties, which lend them to applications in high-
efficiency solar cells,' > photo and radiation detectors,""* and

which greatly hinders their potential applications.
intrinsic mechanism for the low PLQY in CsPbCl; NCs lies in

light-emitting devices. % So far, a diversity of organic- the low defect formation energy in the NC’s core and/or at the
inorganic and all-inorganic halide perovskites have been surface. In our previous work, detailed theoretical calculations
developed for targeted applications. All-inorganic cesium lead suggested that the defect formation energy of atomic vacancies
halide perovskite (CsPbXj, X = Cl, Br, I, or mixture of thereof) like chlorine (Cl) vacancies in CsPbCl; NCs is low under Cl-
nanocrystals (NCs) show some arresting optoelectronic poor synthetic conditions, leading to the occurrence of a large
properties including tunable band gap, narrow emission line

width, and high photoluminescence quantum yield Received: January 29, 2019

(PLQY),"”™" which make them be widely used as light Revised:  May 7, 2019

emitters in a range of optoelectronic devices such as light- Published: May 8, 2019
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number of CI vacancies. Such defects can bring about in-gap
states, which act as nonradiative traps for the photogenerated
charge carriers and thus result in low PLQYs.*" We found that
doping nickel ions into halide perovskite lattices could greatly
increase the defect formation energies of the CsPbCl; lattice
and gave rise to near-unity PLQY. Recent work by Samanta et
al. showed that doping other small-sized cations such as Cd**
could also increase the PLQY to near unity.”” Similarly, doping
of other kinds of metal cations can also boost the PLQY of the
band-edge emission.”> *° Another possible route for the
attainment of highly luminescent CsPbCl; NCs is based on
the post-synthetic surface treatment, which eliminates the
trapping centers at or near the surface region.37_40

The alkaline-earth (AE) metals are a group of chemical
elements in the s-block of the periodic table with very similar
properties, all of which readily lose their two outermost
electrons to form cations with a 2+ charge. Owing to
comparable or relatively smaller ionic radii of AE*" ions with
respect to that of Pb** (e.g, the ionic radii of six-coordinate
Sr**, Ca?*, and Pb*" are 1.18, 1, and 1.19 A, respectively“), AE
metals have been proposed to be able to substitute Pb in the
perovskite structure in terms of the classical notion of
Goldschmidt’s rules and quantum mechanical principles. For
instance, Navas et al. investigated the effect of Sr** or Ca**
doping on the structure and photophysical properties of
CH;NH;Pbl; and proposed that the band gaps were decreased
upon doping.”” However, Sessolo et al. reported contrary
behavior that the valence band maximum and Fermi level did
not change with doping of Sr** in CH;NH;Pbl, thin films.*
Despite this inconsistence, previous results have reached a
consensus that AE metal doping can decrease the defect
concentration and result in improved performance of
constructed devices.**™* We were thus intrigued whether
doping of AE metal into CsPbCl; NCs can lead to suppression
of structural defects, either in the NC’s core or at the surface,
and result in the high-efficient violet emissions. Importantly,
using NC as an example system, we can survey the impact of
AE metal introduction on the structure and photophysical
properties of halide perovskites, considering that previous
works mainly focused on perovskite films that possess multiple
grain boundaries. The insights gained offer new perspectives to
obtain high-efliciency violet-emitting perovskite NCs and
potentially solve the controversies in the literature available,
given that it remains incompletely understood whether AE
metal ions are incorporated into the lattice or merely sit at the
surface of halide perovskites.

Here, we provide a detailed examination of the influence of
AE metal introduction on the structure and photophysical
properties of CsPbCl; NCs based on a combination of
experiments and theoretical calculations. All these NCs were
synthesized by adding AE metal chloride into the reaction
solution. We find that the photophysical properties are closely
associated with the species and amount of AE metal
introduced. Interestingly, the PLQY of violet-emitting CsPbCl,
NCs can be boosted to 77.1% when incorporating an optimal
amount of CaCl, in the synthesis, which is much higher than
that synthesized without using any foreign cation. Detailed
experimental analyses by X-ray photoelectron spectra and X-
ray absorption spectra, combined with first-principles calcu-
lations, lead us to conclude that Ca** and Sr** ions are merely
located at the surface of NCs, whereas Ba>" ions are located at
both the core and surface region. We propose that Ca** and
Sr** ions form a passivation layer at the NC’s surface, thus
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eliminating the trapping centers that are detrimental to
radiative recombination of photogenerated charge carriers.

B EXPERIMENTAL SECTION

Chemicals. Cesium carbonate (Cs,CO;, Aladdin, 99.99%),
lead(II) chloride (PbCl,, Alfa Aesar, 99.999%), magnesium chloride
(MgCl,, Aladdin, 99.99%), calcium chloride (CaCl,, Macklin,
99.99%), strontium chloride hexahydrate (SrCl,:6H,0, Aladdin,
99.99%), barium chloride dihydrate (BaCl,-2H,0, Aladdin,
99.99%), oleic acid (OA, Alfa Aesar, 90%), oleylamine (OAm,
Acros, approximate C18-content 80—90%), tri-n-octylphosphine
(TOP, Alfa Aesar, 90%), l-octadecene (ODE, Alfa Aesar, 90%),
methyl acetate (MA, Alfa Aesar, 99%), n-hexane (Hex, GC, >98.0%),
rhodamine B (Rhb, Aladdin, >AR), ethanol absolute (Aladdin,
>99.8%), and pyridine (Macklin, 99.5%) were used without
purification unless otherwise noted.

Preparation of Cs-Oleate Solution. Cs,CO; (0.4073 g), ODE
(15 mL), and OA (1.35 mL) were added to a 50 mL three-neck flask
in the glovebox and dried for 1 h at 120 °C. Then, the mixtures were
stirred under N, at 150 °C until all Cs,CO; was dissolved.

Synthesis of CsPbCl; Perovskite NCs. PbCl, (0.0578 g), ODE
(5 mL), OAm (0.8 mL), OA (0.8 mL), and TOP (1 mL) were added
to a S0 mL three-neck flask in the glovebox and dried for 1 h at 120
°C. Then, the mixture was stirred under N, at 120 °C for 10 min.
During stirring, dried OAm (0.8 mL) and dried OA (0.8 mL) were
added slowly to the solution. After that, the temperature of the
solution was raised to 210 °C, and this temperature was maintained
for S min. Then, Cs-oleate (0.4 mL) was swiftly injected, and after 1
min, the solution was cooled in an ice bath.

Synthesis of AE2*-CsPbCl; Perovskite NCs. PbCl, (0.0578 g),
ODE (5 mL), OAm (0.8 mL), OA (0.8 mL), TOP (1 mL), and AE
metal chloride (0.0396 g for MgCl,; 0.0462 g for CaCl,; 0.1109 g for
SrCl,-6H,0; 0.1016 g for BaCl,-2H,0) were added to a SO mL three-
neck flask in the glovebox and dried for 1 h at 120 °C. After drying,
the solution was stirred under N, at 120 °C for 10 min. At this time,
dried OAm (0.8 mL) and dried OA (0.8 mL) were added slowly.
Then, the solution was heated to 210 °C and maintained for 5 min.
The as-prepared Cs-oleate (0.4 mL) was then swiftly injected, and
after 1 min, the solution was cooled in an ice bath. The obtained
samples were termed as AE**-CsPbCl; NCs.

Isolation and Purification of CsPbCl; Perovskite NCs. The
crude solution was centrifuged at 12000 rpm for 5 min, and the
supernatant was discarded. This process was repeated twice. The
precipitation was then dispersed in 2 mL of n-hexane and centrifuged
at 12 000 rpm for S min, and the supernatant was discarded. Then, the
precipitation was dispersed in 2 mL of n-hexane again and was
centrifuged at 2000 rpm for S min. After that, the supernatant was
extracted, followed by addition of 1 mL of MA in it. The mixed
solution was centrifuged at 12000 rpm for S min to precipitate
perovskite NCs. The NC precipitation was then dispersed in 2 mL of
n-hexane one more time and centrifuged at 12 000 rpm for S min. At
last, the supernatant was extracted for the subsequent character-
ization.

NC Etching with Pyridine. The obtained AE**-CsPbCl, NCs
solution was evaporated under vacuum at room temperature, and the
precipitation was redispersed in 1 mL of pyridine. The NC-pyridine
solution was stirred at S00 rpm for 2 h. After that, the resultant
solution was centrifuged at 12000 rpm for S min to precipitate
perovskite NCs.

Optical Characterization. The absorption spectra were taken by
a double-beam UV—vis—NIR spectrophotometer (Cary 5000,
Agilent). The steady-state PL spectra were collected by a
spectrometer equipped with a continuous (450 W) xenon lamp
(FLS980, Edinburgh Instrument). Time-resolved PL measurements
were reported on a Lifespec II setup (Edinburgh Instrument, UK)
with the excitation of a picosecond-pulsed 373 nm laser (pulse width:
43 ps), and the excitation energy density is 4.0 uJ/cm® To eliminate
the reabsorbance effect of NCs, all NC solutions were diluted to an
optical density of ca. 0.08. The PLQYs of all samples were calculated
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using Rhb as a reference sample, and the detailed calculations are
shown in the Supporting Information (Figure S1).

Composition, XRD, XPS, and TEM Characterizations. The
actual jon concentrations of lead and AE metal ions were taken by
inductively coupled plasma-mass spectrometry (ICP-MS) (iCAPTM
Qc, Thermo Scientific). The laboratory X-ray diffraction (XRD)
spectra were taken using a Bruker D2 PHASER diffractometer with
Cu Ka radiation (1 = 1.54056 A). The high-resolution synchrotron
XRD patterns were recorded on the BLO2B2 beam line of SPring-8 at
room temperature. The NC n-hexane solution was dried under
vacuum at room temperature. The obtained precipitation was
redispersed in 2 mL of mixed solvent (1 mL n-hexane and 1 mL
MA), which was subsequently centrifuged at 12 000 rpm for S min to
collect the precipitation. Then, the NCs were washed two more times
according to the above procedure. The obtained dried powders were
sealed into Hilgenberg glass capillaries with an inner diameter of 0.5
mm. The capillaries were rotated during the measurement to reduce
the preferred orientation effect and to average the intensity. The X-ray
wavelength used is 0.7997 A. We found that the presence of a large
number of organic ligands can affect the stability of NC powders.
Thus, the samples for the synchrotron XRD were washed by MA
three times to remove the excess organic ligands and to keep the
phase stability after a long-term transportation before measurements,
although this affects the dispersity. XPS data were obtained on a
Rigaku XPS-7000 spectrometer. To prepare the samples for the XRD
and XPS measurements, the NC solution was evaporated under
vacuum at room temperature, and the precipitation was redispersed in
toluene to form a concentrated NC solution. Then, the concentrated
solution was drop-cast onto a glass substrate for the XRD
measurement or a silicon substrate for the XPS measurement. TEM
images were obtained by a FEI Tecnai G20 S-TWIN TMP
microscope operating at an accelerating voltage of 200 kV.

X-ray Absorption Measurement. The X-ray absorption spectra
of Pb Ly-edge for the Ca’*-CsPbCl; NCs were obtained on the
BL14W1 beam line at Shanghai Synchrotron Irradiation Facility. For
the measurement, the sample was dispersed on a single-faced adhesive
tape (Scotch). The Pb (Alfa Aesar, 99.9%) and PbCl, (Alfa Aesar,
99.999%) powders were used as reference samples. To remove the
surface oxide layer, Pb powder was treated at 150 °C for 1 h in a
reducing atmosphere (H,/N,: 5%). All X-ray absorption spectra were
taken at room temperature, and the data were collected in the
transmission mode. The obtained data were analyzed using the
IFEFFIT software package.

First-Principles Calculations. The band structures and density of
states (DOSs) of CsPbCl; with dual defects containing AE metal
dopant and vacancy (V¢ Ve, and Vp,) were simulated using the
Vienna Ab initio package (VASP),* on the basis of noncollinear
projector-augmented waves method.”® We use Perdew—Burke—
Ernzerhof version of generalized gradient apgroximation to describe
the electron exchange—correlation potential.”* The plane-wave basis
cutoff energy is set at 450 eV. The Brillouin zone is sampled with the
Monkhorst—Pack centered meshes of the K points with 3 X 3 X 3, the
ions were relaxed until the maximum forces were less than 0.01 eV-
Al and the total energy was converged to 1 X 10™* eV/atom.

In band structures and DOSs, the zero energy point was set to the
Fermi level of the pure CsPbCl;. The system with the defects was
corrected by aligning the average electrostatic potential (V,,) of Cs
atoms located far from the defects to the V,, for the same elements in
the pure CsPbCl.>* To examine the feasibility of incorporating
different defects into the lattice, the defect formation energy was
calculated using the following formulas

vac

Eform = EtotaI(X vac) - [Etotal(pure) - /’lx] (1)
E[‘i‘;P:d = Etotal(AE dOPed) - [Etotal(Pure) + Mg — /’tpb] (2)

Efr(?rlxnfd = Etotal(mixed) - [Etota[(pure) + g — By — ”Pb] 3)

where Ef2, E&Pd and ER¥? represent X vacancy formation energy,

formy ~form » form

AE (Mg, Ca, Sr, and Ba) dopant formation energy, and dual defect

(that contains AE dopant and vacancy) formation energy,
respectively. X represents the chemical elements of Cs, Pb, or CL
Etotal(pure),' Eqora(X vac), Eio(AE doped), and Eyora(mixed) are the
total energies of 3 X 3 X 3 supercells for undoped, X vacancy, AE
doped, and dual defects containing CsPbCl;, respectively. ficy, ppy,
and pc are the chemical potentials of Cs, Pb, and Cl atoms,
respectively. The stability region of different compounds against CI
and Pb chemical potentials has been calculated as shown in ref 31. pi,5
is the chemical potentials of AE atom, which depends on the
experimental synthetic environments of Cl-poor, Cl-rich, or anything
in between. Under the Cl-poor condition, pi,g is calculated from the
bulk solid phase of AE. Chemical potentials of g and pi¢; satisfy the
following condition

2 T Mg = Hagay, (4)

where ug is obtained from free molecule Cl,.

B RESULTS AND DISCUSSION

We synthesized AE**-CsPbCl; NCs by a modified hot-
injection method as first reported by Protesescu et al.'® The
injection temperature was raised to 210 °C, and the reaction
time was extended to 1 min. The AE chlorides were used as the
sources of AE ions. For the synthesis of AE**-CsPbCl; NCs,
we added a certain amount of AE metal chloride in the
reaction system (see details in the Experimental Section).
These AE**-CsPbCl; NCs were first examined by the
laboratory XRD, which suggests the formation of the cubic
perovskite structure (Figure S2). We note that, although there
are no obvious shift of diffraction peaks for Mg>'-, Sr**-, or
Ca®*-CsPbCl; NCs with respect to that of pristine ones, a
slight shift to low angles for Ba**-CsPbCl; NCs can be
observed. Owing to the low resolution of the laboratory XRD,
we then took the high-resolution synchrotron XRD measure-
ment. As shown in Figure la, compared with the pristine
cousin, the diffraction peak at about 11.58° for Ba**-CsPbCl,

ar—— ‘ d
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Figure 1. (a) High-resolution synchrotron XRD patterns of pristine
and AE**-CsPbCl; NCs. An enlarged view of the peaks marked by the
dotted outline is shown in the right panel, in which the dotted vertical
line is drawn to guide the eye. (b,c) TEM images of pristine CsPbCl,
NCs with an average edge length of ~12.6 nm (b) and Ca**-CsPbCl,
NCs of ~8.4 nm, with a Ca?*/Pb** ratio of 10.5% (c). (d) UV—vis
absorption (dotted line) and PL (solid line) spectra of pristine and
AE*-CsPbCl; NCs. The molar ratios of AE**/Pb** in Mg**, Ca®,
Sr**, and Ba®*-CsPbCl; NCs are 0, 10.5, 5.9, and 12.3%, respectively.
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NCs indeed has a slight low-angle shift. Transmission electron
microscopy (TEM) images of these samples indicate the NCs
have uniform cubic morphology with good monodispersity
(Figures 1b,c and S3). Interestingly, introducing AE** ions
decreases the average size of the NCs, from 12.6 nm of the
pristine NCs to 8.4 nm of Ca**-CsPbCl,, for example (Figures
1b,c and S4).

Figure 1d shows the absorption and luminescence spectra of
as-prepared AE**-CsPbCl; NCs. All these NCs demonstrate
PL with a small Stokes shift and a narrow full width at half-
maximum of ca. 10 nm. Interestingly, we find that the PLQYs
of these NCs are markedly different: pristine and Ba?*-CsPbCl,
NCs have extremely low PLQYs, whereas Mg>*, Ca**, and Sr**-
CsPbCl; NCs show greatly enhanced PLQYs. The PLQY of
Ca**-CsPbCly NCs can be as high as 77.1%. Time-resolved PL
results show the lengthened lifetimes after introducing Mg, Ca,
and Sr ions in the synthesis (Figure SS), indicating the
suppression of the nonradiative recombination.

To investigate the effect of the amount of AE chlorides used
on the optical and structural properties, we next chose Ca*-
CsPbCl; NCs as a typical system that were synthesized by
varying the feed ratio of calcium chloride (CaCl,) to lead
chloride (PbCl,). The actual Ca concentration in NCs can be
estimated by the ICP-MS. As shown in Table 1, the Ca

Table 1. Some Optical and Structural Data of Ca**-CsPbCl,
NCs with Different Feed Ratios of CaCl, to PbCl,

feed ratio (CaCl,:PbCl,) 0:1 0.5:1 1:1 2:1 3:1

Ca/Pb (mol %) N/A 28 8.8 105 118

emission peak wavelength 406.5 4063 4049 4061  404.8
(nm)

average edge length (nm) 12.6 11.0 9.3 8.4 8.7

PLQY (%) 0.8 8.6 247 771 732

concentration increases with the increasing feed ratio of CaCl,
to PbCl,. The UV—visible absorption and PL spectra of these
samples are shown in Figure 2a,b. We note that the absorption
of these NCs can be slightly affected by the Ca®*
incorporation: the 2.8 mol % sample shows absorption band
similar to that of the pristine counterpart, whereas the 8.8,
10.5, and 11.8 mol % samples demonstrate excitonic
absorption bands with notably different lineshapes and slightly
different absorption cutoff wavelengths (Figure 2a). This
signifies that the absorbing states of NCs can be affected by the
Ca®" incorporation. Correspondingly, with altering the Ca®*
concentration, the emission peak wavelength of as-prepared
samples are of tiny difference (Figure 2b, Table 1). The TEM
images of pristine and 10.5 mol % Ca®*-CsPbCl; NCs are
shown in Figure 1b,c, and other images are shown in Figure
S6a—c. The size distribution histograms of these NCs are
shown in Figure S6d—f, and their average sizes are listed in
Table 1. With the increase of Ca?* concentration from 0 to
10.5 mol %, the average edge length of NCs decreases from
12.6 to 8.4 nm, while further increasing the concentration
cannot cause a significant size variation.

The PLQY of NCs increases with the incorporation of Ca’*,
reaching a maximum value of 77.1% (Table 1); further
increasing of the feed ratio of CaCl, to PbCl, results in a slight
decrease of PLQY. Under identical measurement conditions,
the PL intensity of the 10.5 mol % Ca-containing NCs is
around 2 orders of magnitude stronger than that of the pristine
cousin (Figure 2¢). To further examine the Ca®" introduction
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Figure 2. (a) UV—vis absorption and (b) normalized PL spectra of
Ca**-CsPbCly NCs with different Ca®* concentrations. (c) PL spectra
of pristine and 10.5 mol % Ca?*-CsPbCl; NCs; the absorption of both
NC solutions was adjusted to an optical density of 0.08. The inset
shows the photographs of NC solutions under UV (365 nm)
illumination, in which the left is the photograph of pristine NCs and
the right is the photograph of 10.5 mol % Ca**-CsPbCl; NCs. (d) PL
decay traces of Ca**-CsPbCl; NCs with different Ca®* concentrations.

on the photophysical properties of NCs, we took the time-
resolved PL decays (Figure 2d). All decays can be fitted well by
a triexponential function, and the average lifetimes were
calculated to be 2.59, 8.78, 10.30, 17.86, and 15.89 ns for 0,
2.8, 8.8, 10.5, and 11.8 mol % NCs, respectively (Table S1).
Using the values of PLQY and average lifetimes, we can
evaluate the radiative and nonradiative decay rates of these
NCs, based on the following equations”"

PLQY

Tave

1—‘acl =

’ (s)
1 1 — PLQY

non-rad — T trad T

T

ave

(6)

where ',y and I, .4 are the radiative and nonradiative
recombination rates, respectively, and 7, is the average
lifetime of the samples. Notably, the nonradiative recombina-
tion rate decreases from 383.01 us™" in pristine NCs to 12.82
us~' in 10.5 mol % Ca®>-CsPbCl; NCs, suggesting that
introducing Ca®" into the CsPbCl; NCs can suppress the
nonradiative recombination of CsPbCl; NCs.

To deepen the understanding of the Ca®" incorporation on
the photophysical properties of NCs, we further carried out the
structural characterization of Ca**-CsPbCl; NCs. The X-ray
photoelectron spectroscopy (XPS) was first employed to
examine the change in bonding nature of our samples. The
representative high-resolution XPS spectra of pristine and 10.5
mol % Ca®*-CsPbCly NCs are shown in Figure 3. The Ca 2p
doublet is resolved at 347.1 and 350.9 eV, corresponding to

ave
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Figure 3. (a—d) High-resolution XPS spectra of Ca 2p doublet for
10.5 mol % Ca**-CsPbCl; NCs (a) and Cs 3d, (b) Pb 4f (c), and Cl
2p (d) doublet for pristine and 10.5 mol % Ca**-CsPbCl; NCs.

the binding energies of Ca 2p,;, and Ca 2p;,, respectively,
which confirms that the valence state of Ca** is +2 (Figure
3a).”® We further find that, compared with the pristine NCs,
the binding energies of Cs 3ds,, and Cs 3ds/, in Ca**-CsPbCl,
NCs increase by 0.1 eV, while those of Pb 4f;,, and Pb 4f,,,
increase by 0.3 eV (Figure 3b,c). We surmise that introducing
Ca’ into the lattice suppresses the formation of Cl vacancies
in CsPbCl; NCs, which might impact the electronic density
around host cations of Cs* and Pb**. Interestingly, the binding
energies of Cl 2p,,, and Cl 2p3;, also increase by 0.3 eV
(Figure 3d), which is probably caused by the new bond
formation of Ca—Cl. These results unambiguously evidence
that the introduction of Ca®* into CsPbCl; NCs can alter the
chemical environment of constituent atoms.

We next conducted the X-ray absorption measurement to
gain deep insights into the local coordination environment and
local order around the Pb atoms. The extended X-ray
absorption fine structure (EXAFS) spectra at the Pb Ly
edge for the 10.5 mol % Ca**-CsPbCl; NCs are shown in
Figure 4a,b. In Figure 4b, we can only see one peak centered at
ca. 2.3 A (the distance not phase corrected) in R space, which
can be attributed to the single scattering of photoelectrons by
Cl atoms. The absence of other peaks in R space for our NCs is
due to the lack of long-range structural coherence caused by
the small size of NCs. We performed a single-shell fit of the
EXAFS spectrum over an R range of 1.5-3.0 A. We took four
parameters as variables in our model: the coordination number
(CN), energy shift (AE,), adjustment of the half path length
(AR), and mean-square relative displacement of Pb and Cl
atoms (¢). All fitting results are shown in Table 2. In our
previous work, we have conducted the same measurement for
the pristine CsPbCl; NCs,”" which is also shown in Table 2 for
comparison. It is worth noting that the CN (8.5) in Ca*'-
CsPbCl; NCs is significantly larger than that in pristine NCs
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Figure 4. X-ray absorption characterization of 10.5 mol % Ca®'-
CsPbCl; NCs. (a) k*weighted Pb Llll-edge EXAFS and (b)
corresponding Fourier transforms of 10.5 mol % Ca**-CsPbCly NCs.

(3.7). This result offers a direct experimental evidence that the
Ca®* incorporation into the CsPbCl; NCs can suppress the
formation of Cl vacancies. We point out that this inevitably
affects the chemical environment of constituent atoms, as
confirmed by the XPS results (Figure 3b,c). Interestingly, the
6* of Ca**-CsPbCl; NCs (0.014 A?) is slightly smaller than
that of the pristine cousin (0.018 A?), suggesting the slightly
enhanced short-range order in Ca**-CsPbCly NCs.

Although the experimental results aforementioned suggest
the elimination of trapping centers in NCs can be achieved by
the Ca?* incorporation, the exact distribution of Ca** jons in
NCs still remains elusive. As previously reported, pyridine can
be used for the removal of the surface ligand and etching of
NCs.>*~*° Inspired by this, we tried to treat our samples by
pyridine to intentionally destroy the surface of NCs, which
makes it possible to survey the distribution of Ca** in NCs. We
stress that pyridine etching did not change the crystal structure
of NCs (Figure S7). After effective etching, the morphology of
Ca’*-CsPbCly NCs was altered, as confirmed by the TEM
image of the etched NCs (Figure Sa). Because of the lack of
the surface ligand protection, the etched NCs agglomerate.
However, compared with the unetched samples, the etched
NCs lack the cubic morphology, suggesting effective
destruction of the NC’s surface. We next carried out the
XPS measurement of the etched NCs. Interestingly, we cannot
find notable signals assigned to Ca®>* (Figure S5d), which
verifies that the Ca®* ions were dominantly at or near the
surface region of NCs. We then investigated the distribution of
Sr** and Ba®* ions in CsPbCl; NCs by this protocol. The TEM
images also show the successful surface etching of NCs (Figure
5b,c). Similar to Ca**-CsPbCly NCs, the etched Sr**-CsPbCl,
NCs do not show any Sr*" signal (Figure Se), suggesting that
the Sr** ions are also mainly at or near the surface region of
NCs. However, after etching, the signal of Ba** jons is still
obvious (Figure 5f).Compared with the unetched sample, the
average edge length of etched Ba**-CsPbCly; NCs drops from
11.8 nm to about 4.8 nm (Figures S3c and Sc), showing
complete stripping of the NC’s surface. As a result, it is no
doubt that Ba ions are incorporated into the core of NCs. We
note that, under the same etching conditions, the etching rate
for Ba>*-CsPbCly NCs is much larger than those for Ca*- and
Sr**-containing cousins (Figure Sa—c), signifying the difference
in their microstructures. Although not demonstrated here, we
believe that the etching method reported in this work can
potentially be extended to the examination of the location of
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Table 2. Main Fitting Results of the Fit Performed on the Pb LIII-Edge k*>-Weighted EXAFS Spectrum for 10.5 mol % Ca*'-

CsPbCl; NCs“

sample shell CN
pristine Pb—Cl 3.7+038
Ca**-CsPbCl; NCs Pb—Cl $5+13

- o .31
“The result of the pristine cousin is also shown for comparison.

AE, (eV) 22 (A,) R (A)? R-factor
—4.0 + 2.1 0.018 + 0.003 2.84 + 0.02 0.0084
—35+22 0.014 + 0.004 2.84 + 0.02 0.0083
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Figure 5. (a—c) TEM images of Ca>*-CsPbCly (a), Sr>*-CsPbCly (b), and Ba?*-CsPbCl; (c) NCs after pyridine etching. (d—f) High-resolution
XPS spectra of Ca**-CsPbCly (d), Sr**-CsPbCl; (e), and Ba**-CsPbCl; NCs (f) with and without pyridine etching. Note that the ratio of AE** in
as-synthesized Ca**, Sr**, and Ba**-CsPbCl; NCs are 10.5, 5.9, and 12.3 mol %, respectively.

Table 3. Calculated Defect Formation Energies (in eV) in AE**-CsPbCl; NCs under Cl-Rich and Cl-Poor Conditions

pristine Mg-doping Ca-doping Sr-doping Ba-doping
Cl-rich Cl-poor Cl-rich Cl-poor Cl-rich Cl-poor Cl-rich Cl-poor Cl-rich Cl-poor
Va 2.954 1.813 1.7777 —-1.331 1.587 —1.894 1.7273 —2.136 1.8876 —2.840
Ve 1.404 2.545 0.7687 —0.058 0.526 —0.673 0.6843 —0.897 1.0936 —1.352
Vi —2.510 1.565 3.4737 0.294 3.265 —0.287 3.4303 —0.504 3.9466 —0.852

incorporated ions in halide perovskite NCs, such as the widely
studied NCs with rare earth ions.”’~*

On the basis of the consideration of the ionic radii of AE**
and Pb** ions, it is reasonable to speculate that Ca®* and Sr**
ions can substitute for Pb** ions that could result in the
incorporation of these ions in the core, whereas Ba** ions are
hard to be introduced into the core owing to a large difference
in the ionic radii of Ba** and Pb** (the ionic radii of six-
coordinate Ba®>* and Pb?' ions are 1.35 and 1.19 A,
respectively,”" Table S2). We point out that this plausible
explanation has been widely used in most AE**-doped lead
halide perovskites."””~** However, our experimental results in
the context of AE**-CsPbCl; NCs suggests an adverse
phenomenon: Ca’* and Sr** ions can only be at/near the
NC’s surface, while Ba?* can enter the core region of NCs. To
deepen the understanding of this abnormal phenomenon, we
then performed first-principles calculations (see details in the
Experimental Section). Note that for all calculations, we
assume that Pb** ions are replaced by AE*" ions in CsPbCl,,.
We first calculated the defect formation energies under Cl-poor
and Cl-rich conditions. Interestingly, we find that the
introduction of any AE*" ion is detrimental for the stabilization
of CsPbCl; lattice under Cl-poor conditions. As shown in
Table 3, compared with pristine NCs with vacancies, it is
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obvious that doping of AE*" ions would decrease the defect
formation energies for the cases with Vo (Vi) and AE**
dopants, under either Cl-rich or Cl-poor conditions. In
particular, for Ba®*-doped CsPbCl;, the defect formation
energies significantly decrease to below zero under Cl-poor
conditions, suggesting ready incorporation of Ba’>" ions and
atomic vacancies; we note that such a growth condition could
occur as the reaction proceeds. This result suggests that
substituting Ba*" for Pb** would form a more defective lattice,
which is in accordance with the above optical data of Ba*'-
CsPbCl; NCs. Similarly, our theoretical results also signify that
the substitution of Ca** and Sr** for Pb** ions leads to ready
formation of more atomic point defects such as V¢ and V..
We note that, although V-, and Vy, cannot introduce deep trap
states in the band gap of AE**-CsPbCly, V can cause the
formation of such traps that can effectively capture the
photogenerated charge carriers (Figures S8—S11). That is, if
Ca** and Sr** ions substitute for Pb*" ions in the core of NCs,
they should be less efficient in PL emissions. However, the
experimental results show that the incorporation of Ca** or
Sr** into CsPbCl; NCs can greatly boost their PLQYs,
indicating that it is impossible for Ca**(Sr**) ions to substitute
for Pb*" jons. Combined with the EXAFS and XPS results, we
conclude that Ca** or Sr** ions are merely situated at/near the
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surface of NCs, probably through an incorporation process
different from Ba®* ions.

We note that colloidal NCs, not limited to CsPbX; studied
here, are typically grown using colloidal synthesis at lower
temperatures, which corresponds to growth conditions
featuring thermal nonequilibrium. As a result, the incorpo-
ration of dopants into NCs can be viewed as a kinetic process
that is intimately associated with adsorption of dopant ions
during the growth of NCs.°' 7% This process involves
competitive adsorption of constituent atoms and dopants,
and the exact growth conditions would change as the reaction
proceeds. On the basis of the combined experimental and
theoretical evidence, we propose the following plausible model
for the explanation of the observed phenomena, as schemati-
cally illustrated in Figure 6. First, for Mg*'-CsPbCly NCs, the
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Figure 6. (a—c) Schematic illustration of the proposed passivation
and doping models for Mg**-CsPbCl; NCs (a), Ca** or Sr**-CsPbCl,
NCs (b) and Ba**-CsPbCl; NCs (c). Note that the Cs* ions are not
shown to simplify the illustration.

ionic radius of Mg®* is much smaller than that of Pb*" (Table
S2), which probably causes a notable self-purification effect of
NCs that results in the exclusion of Mg** ions outside the
lattice. Even in the final stage of the synthesis, Mg®* ions are
hard to unite with CsPbCl; NC because the bond dissociation
energy of Mg—Cl is only 312 kJ mol™" that is comparable to
that of Pb—CI (Table S2). As a consequence, Mg**-CsPbCl,
NCs feature the absence of the Mg element. Additionally, we
used MgCl, in the synthesis, which brings in excess Cl ions and
create a Cl-richer synthetic condition. This is favorable for the
suppression of V¢ in CsPbCly (Table 3), which may be the
dominant reason for the enhanced PLQY in Mg**-CsPbCl,
NCs with respect to the pristine cousin (Figure 6a). Second,
for Ca**-CsPbCl; NCs (as same as Sr**-CsPbCl), at the early
stage of NC formation, compared with foreign metal ions, Pb*"
ions preferentially involve in the growth of NCs. However, at
the final stage of NC growth, the constituent atoms gradually
deplete in the reaction solution, while the Ca®* ions are still
abundant. In such an environment, the Ca?* ions can bind
tightly onto the NC’s surface because of the large bond
dissociation energy of Ca—Cl (Table S2). We speculate that
Ca® (or Sr**) isovalently occupies the Pb** crystallographic
sites and results in the formation of a passivation layer at the
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NC'’s surface, as suggested by the XPS results (Figure S). The
formation of such a layer decreases the concentration of point
defects caused by constituent atoms at the NC’s surface (e.g.,
some undercoordinated Pb*" ions) (Figure 6b), which results
in the improved short-range order of the lattice, as evidenced
by the EXAFS results (Figure 4). As for Ba**-CsPbCl; NCs,
the bond dissociation energy of Ba—Cl (443 kJ mol™) is so
large that the Ba®* ions probably can enter the lattice of NCs
even at the early stage of NC growth. Nevertheless, owing to
the large ionic radius of Ba®* than Pb*" (1.35 A vs 1.19 A),
doping of Ba®" ions can increase the local strain of the lattice,
giving rise to more chances to the formation of atomic point
defects, as suggested by first-principles calculations (Table 3).
The appearance of such defects may further trigger the
incorporation of more Ba®* ions into NCs, thus leading to the
successful doping of Ba®* in the core region (Figure 6c).
However, these Ba>*-CsPbCl; NCs contain a large number of
structural defects, as reflected by the extremely low PLQY. We
emphasize that the incorporation of large-sized Ba** ions into
the core of NCs causes the expansion of the lattice, as
evidenced by the slight low-angle shift of diffraction peaks
(Figures la and S2).

B CONCLUSIONS

In summary, we have successfully developed various AE**-
CsPbCl; perovskite NCs and maximized the PLQY of these
violet-emitting perovskite NCs to as high as 77.1%. Detailed
experimental and theoretical characterization confirmed that
Ca® and Sr** ions are present at/near the surface of NCs and
form a passivation layer, but Ba** ions enter the core of NCs.
The combined optical and structural characterizations show
that the created passivation layer in Ca®>*-CsPbCl; NCs can
suppress the formation of atomic vacancies, resulting in
enhanced short-range order of the lattice and thus suppressing
the nonradiative recombination pathways in NCs. Finally, we
proposed a plausible model for the observed AE-metal-
dependent passivation of CsPbCl; NCs. We emphasize that,
compared with the post-synthetic surface treatment strategy,
our work offers a concept of one-pot synthetic surface
treatment of CsPbCl; NCs, which can be potentially extended
for the synthesis of other classes of halide NCs. It is also of
interest to investigate the exact local environment of Ba®>" ions
in Ba?*-CsPbCl; NCs, which will be one focus of our future
work. We believe that the knowledge gained here offers a new
perspective to obtain high-eflicient violet-emitting perovskite
NCs and will also lead to a deeper understanding of the
functions that AE** ions play in the optimization of perovskite
optoelectronic devices.
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