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ABSTRACT: All-inorganic perovskite nanocrystals (NCs) have emerged as a new

generation of low-cost semiconducting luminescent system for optoelectronic Near-unity PLQY
applications. The room-temperature photoluminescence quantum yields (PLQYs) | . I

of these NCs in the green and red spectral range approach unity. However, their | L .dbcedios oc
PLQYs in the violet are much lower, and an insightful understanding of such poor | Ciie«iiei® 85:"

performance remains missing. We report a general strategy for the synthesis of all- __#Mé % Dot
inorganic violet-emitting perovskite NCs with near-unity PLQYs through | &/ *Cieti) 4 6‘
engineering local order of the lattice by nickel ion doping. A broad range of Nk
experimental characterizations, including steady-state and time-resolved lumines-
cence spectroscopy, X-ray absorption spectra, and magic angle spinning nuclear magnetic resonance spectra, reveal that the low
PLQY in undoped NCs is associated with short-range disorder of the lattice induced by intrinsic defects such as halide vacancies
and that Ni doping can substantially eliminate these defects and result in increased short-range order of the lattice. Density
functional theory calculations reveal that Ni doping of perovskites causes an increase of defect formation energy and does not
introduce deep trap states in the band gap, which is suggested to be the main reason for the improved local structural order and
near-unity PLQY. Our ability to obtain violet-emitting perovskite NCs with near-perfect properties opens the door for a range
of applications in violet-emitting perovskite-based devices such as light-emitting diodes, single-photon sources, lasers, and
beyond.

B INTRODUCTION diodes and low-threshold amplified spontaneous emission have
been accomplished by using such NCs as emissive
layers.'#*"** By contrast, CsPbX; NCs exhibit lower PLQYs
in the violet, and PLQYs are limited to be less than 65%. So
far, the exact underlying mechanism for low PLQYs in these
NCs has not been fully understood, significantly limiting the
rational design of perfect NCs and thus hampering their
applications for violet-emitting devices. Considering the low-

Lead halide perovskites have been established as a new
generation of low-cost semiconducting materials for photo-
voltaic devices owing to their outstanding optoelectronic
properties.'~” The efficiency of perovskite solar cells has risen
dramatically from 3.8% to over 22% in the past several years
owing to concentrated efforts on the optimization of perovskite
layers and device structures, interfacial engineering, and so on.*

In parallel with photovoltaic application, lead halide perov- cost processing of CsPbX; NCs and limited violet-emitting
skites, in particular all-inorganic CsPbX; (X = halide ions) material systems available, it is believed that obtaining high-
nanocrystals (NCs), are emerging as a family of promising light efficiency violet luminescent CsPbX; NCs would provide an
emitters owing to their size- and composition-dependent alternative candidate for violet-emitting devices.

tunable band gaps from the violet to near-infrared and Impurity doping has been demonstrated as one powerful
extremely narrow full width at half-maximum (fwhm).® ** method for introducing novel functionalities into traditional
The photoluminescence quantum yields (PLQYs) of CsPbBr;,

and CsPbl; NCs can reach over 90% in the green and red Received: May 6, 2018

spectral ranges, respectively, and high-efficiency light-emitting Published: July 16, 2018
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Figure 1. Structure and morphology of undoped and doped CsPbCl; NCs. (a) Powder XRD patterns of undoped and doped CsPbCl; NCs. The
standard diffraction of cubic CsPbCl; is drawn using red vertical lines. (b, c¢) Low-magnification TEM images of (b) undoped NCs and (c) Ni-
11.9%. Insets of (b) and (c) show the histograms of edge lengths of corresponding CsPbCl; NCs. (d, e) High-resolution TEM images of (d)

undoped NCs and (e) Ni-11.9%.
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Figure 2. Optical properties of undoped and doped CsPbCl; NCs. (a) Absorption and PL spectra of undoped and doped CsPbCl; NCs. Inset
shows the photographs of NC solution under UV (365 nm) illumination; the absorption of all NC solutions was adjusted to an optical density of
0.08. (b) PL decay traces of undoped and doped CsPbCl; NCs. (c) PL decay trace of Ni-11.9%, showing a fast (~0.89 ns) and a slow (~21.14 ns)

component.

II-VI and III-V NCs, where it is used to impart p- and n-type
behaviors, magnetism, and impurity-related PL.>~** For
instance, doping of ZnSe NCs with Mn®* gives rise to intense
sensitized Mn>* luminescence and creates a magnetically
coupled exciton state enabling optical control of magnet-
ism.”*~*" Doping of heterovalent ions such as Bi** and rare-
earth ions or isovalent ions such as Mn** into lead halide
perovskites has also been studied, which results in the
occurrence of new emission bands attributed to dopant-related
emitters.””~* The common PL feature of these doped
perovskites lies in the existence of energy transfer from the
charge carriers of hosts to dopants (i.e., doped NCs show dual-
color emission), thus resulting in a significant constraint on
attaining a near-unity PLQY for the band-edge emission.

We reasoned that the origin of the low PLQY in violet-
emitting CsPbX; NCs could be attributed to the imperfect
assembly of constituents during the reaction, giving rise to a
large amount of structural defects that are challenging to
eliminate merely by tailoring the synthetic factors such as
reaction temperature and duration, precursors, and stoichiom-
etry of reactants. The defects, probably vacancies and/or
distorted [PbX4] octahedra, could deteriorate the short-range
order of the lattice and act as trapping centers of photo-
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generated carriers, thus giving rise to poor PLQYs for the
band-edge emission. We therefore hypothesized that, if
incorporating some judiciously selected foreign ions into the
CsPbX; matrix could substantially increase the defect
formation energy and thus enhance the short-range order of
the lattice, while not introducing new recombination channels,
it could offer an opportunity for significant enhancement of
single-color band-edge emission.

Here, we develop a general strategy for the synthesis of
violet-emitting CsPbX; NCs with near-unity PLQY through
nickel (Ni) doping. We chose Ni ions as dopants with the idea
that it has a strong preference for octahedral coordination with
halide ions.”> We first illustrate our design concept by doping
Ni ions into CsPbCl; NCs. We find that the incorporation of
Ni** ions into CsPbCl; NCs leads to strong single-color violet
emission with a maximum PLQY of 96.5%, which, to the best
of our knowledge, represents the highest value in this spectral
region among lead halide perovskites reported. A wide range of
experimental characterizations reveal that the key for the
success is that doping of Ni** ions substantially removes
structural defects and results in improved short-range order of
the perovskite lattice. All these observations can be well
explained by density functional theory (DFT) calculations,
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Figure 3. Local structure characterizations of undoped and doped CsPbCly NCs. (a) k;-weighted Pb Ly-edge EXAFS and (b) corresponding
Fourier transforms (FT's) of undoped and Ni-11.9% NCs. (c) Solid-state '**Cs MAS NMR spectra of undoped and Ni-11.9% NCs. (d) Ni K-edge

XANES spectra of Ni-11.9%, Ni foil, NiCl,, and NiO.

which reveal that doped NCs feature increased defect
formation energy with respect to undoped cousins. Interest-
ingly and importantly, the concept of doping-enhanced lattice
order shown here is sufficiently general to significantly boost
PLQYs of other perovskite NCs, thus paving the way for the
use of these NCs for violet-emitting devices.

B RESULTS AND DISCUSSION

We first used CsPbCl; NCs as a model system to exemplify our
strategy. We synthesized Ni-doped CsPbCl; NCs by a
modified hot-injection method as first reported by Protesescu
et al."> To quantify Ni incorporation in the resultant NCs, we
used inductively coupled plasma mass spectroscopy (ICP-MS).
It is found that the concentration of incorporated Ni increases
as a function of the amount of NiCl, precursor used (Table
S1). The high-resolution transmission electron microscopy
(TEM) images, coupled with the elemental mapping by
energy-dispersive X-ray spectroscopy (EDS), show that Ni ions
are incorporated into the perovskite lattice (Figure S1).
Hereafter, the products are denoted Ni-x% according to the
molar ratio of Ni to Pb determined by ICP-MS. Powder X-ray
diffraction (XRD) patterns confirm that both undoped and
doped NCs adopt a cubic phase of the space group Pm3m
(221) (Figure 1a)."* We note that, although both undoped and
doped NCs show a clear lattice fringe, Ni doping could
influence the size and uniformity of NCs, as revealed by low-
magnification and high-resolution TEM (Figure 1b—e). As the
Ni concentration increases, the average side length of NCs
decreases from 10.6 nm to 8.3 nm, and the size distribution of
NCs becomes narrowed (Figure 1b,c and Figure S2).

Figure 2a displays the absorption and PL spectra of undoped
and doped CsPbCl; NCs. We note that no new absorption
bands are introduced by Ni doping and that the exciton
absorption of NCs first shifts very slightly to the red and then
to the blue with increasing Ni concentration, evidencing the
weak effect of Ni doping on the electronic structure of the host
(Figure S3). Interestingly, Ni doping causes substantially
enhanced band-edge emission of CsPbCl; NCs (inset of Figure
2a). We find that the PLQY is greatly improved upon Ni
doping, from 2.4% for the undoped NCs to 96.5% for Ni-
11.9% (Figure S4, Table S2), signifying that there is negligible
nonradiative recombination occurring in Ni-11.9%. To the best
of our knowledge, this represents the highest PLQY among
violet-emitting halide perovskites.”> Different from Bi**- and
Mn**-doped CsPbXj, our Ni-doped NCs do not show any
dopant-related PL at room or cryogenic temperature in the
visible and infrared spectral range.3"34 Additionally, we also
observed a dopant-concentration-dependent PL shift similar to
the trend of the absorption (Figure SS), which is accompanied
by decreased fwhm’s for the doped NCs. The possible source
for the spectral shift may be associated with size change upon
doping, which probably causes minor alteration of the
absorbing and emitting states in NCs, as theoretically revealed
in CsPbX; NCs."* The decreased fwhm’s of PL for doped
NCs can be attributed to the uniform size distribution of NCs.
We note that Ni doping does not deteriorate the PL stability of
NCs with respect to undoped cousins, and the morphology of
doped NCs remains almost unchanged when exposed in
ambient environment (Figure S6).

To know more photophysical properties of these NCs, we
carried out time-resolved PL measurement, given that it can
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Table 1. Main Fitting Results of the Fit Performed on the Pb L;;-Edge k>-Weighted EXAFS Spectra for Undoped CsPbCl; NCs

and Ni-11.9%

sample shell CN* AE, (eV)”®
undoped Pb—Cl 3.7+08 —4.0 £+ 2.1
Ni-11.9% Pb—Cl S1+07 02+13

“The fitted coordination number. “The energy shift. “The mean-square

between absorber and backscatter atoms.

o (A%)° R (A)? R-factor
0.018 + 0.003 2.84 + 0.02 0.0084
0.014 + 0.002 2.84 + 0.01 0.0030

relative displacement of absorber and backscatter atoms. “Distance

provide information on the transient evolution of the
photogenerated carriers. Figure 2b displays the decay curves
of undoped and doped NCs, where the excitation wavelength
is 373 nm and the excitation energy density is 4.0 uJ/cm” We
note that the PL kinetics becomes slower upon Ni doping from
3.3% to 11.9% and that incorporating Ni ions over 11.9% leads
to faster decay. All decay curves were fitted by a multi-
exponential function (Figure 2c, Figure S7, and Table S2). The
relative contribution of fast and slow components to the
steady-state PL can be evaluated by integrating the respective
exponential traces, which shows that the fast component
amounts to 16.4% of the total signal for Ni-11.9%. The longest
calculated average lifetime is 18.39 ns for Ni-11.9%. We also
evaluated the radiative and nonradiative decay rates that were
estimated from the PLQYs and the average lifetimes (Table
$2).>* Notably, the nonradiative recombination rate decreases
from 378.29 us™! in undoped NCs to 1.90 us™" in Ni-11.9%,
evidencing that Ni doping favors the suppression of non-
radiative recombination.

To gain deep insight into the Ni-doping-induced giant
enhancement of band-edge emission from NCs, we took the
extended X-ray absorption fine structure (EXAFS) spectra at
the Pb Ly;-edge for typical samples. As is well known, EXAFS
is a powerful technique for the examination of the local
coordination environment and local order around the
absorbing atoms.*® The ks;-weighted Pb Ly-edge EXAFS and
the corresponding Fourier transforms (FTs) of undoped and
doped CsPbCl; NCs are shown in Figure 3a,b. Both samples
demonstrate 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 chloride atoms (Figure
3b). The absence of other peaks in R space is due to the lack of
long-range structural coherence in CsPbCl; NCs, which was
also observed in other doped NCs.** Interestingly, we find that
the doped CsPbCl; NCs show a stronger amplitude in R space
with respect to the undoped counterpart, suggesting improved
order of the local coordination environment of Pb. To obtain
more information concerning the doping-induced variation of
the local environment of Pb, we performed a single-shell fit of
both EXAFS spectra over an R range of 1.5-3.0 A. In both
cases, four parameters were varied in the model: the
coordination number (CN), the energy shift (AE,), the
adjustment of the half path length (AR), and the mean-square
relative displacement of absorber and backscatter atoms (6?).
Based on the fitting results of EXAFS spectra (Figure 3a,b and
Table 1), a smaller 6 (0.014 A?) is observed in doped NCs
than in undoped cousins (0.018 A?). Since this factor is a
reflection of mean-square disorder in the distribution of
interatomic distances, we conclude that [PbCl,] octahedra are
heavily disordered in undoped NCs and that Ni doping leads
to improved order of the lattice."” Although the EXAFS
analysis typically gives an uncertainty of +20% in the
determination of the CN, the fitted CN of Pb with chloride
atoms increases upon Ni doping (Table 1).*® This, to some
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extent, suggests that Ni doping can inhibit the formation of
chloride vacancies. Collectively, these data provide strong
evidence that Ni doping is favorable for the suppression of
structural defects of CsPbCl; NCs, resulting in a more ordered
perovskite lattice. Additionally, we find that the onset of the
absorption for the Pb Lyj-edge X-ray absorption near-edge
structure (XANES) does not show a remarkable variation upon
Ni doping, signifying that the oxidation state of Pb is virtually
the same for both undoped and doped samples (Figure S8).

Considering that the **Cs nucleus is highly sensitive to its
local environment, we further took solid-state '3*Cs MAS
(magic angle spinning) NMR spectra of these samples to
obtain more information concerning the effect of Ni doping on
the CsPbCl; structure.*”** As shown in Figure 3c, it is
observed that the undoped NCs possess a broader Cs signal
with respect to Ni-11.9%, providing direct evidence of
improved crystal quality of doped NCs. The spectrum of Ni-
11.9% can be deconvoluted into three peaks at 83.0, 76.9, and
68.8 ppm, suggesting that Cs atoms are mainly in three
chemical states and environments. We surmise that the
strongest peaks at 83.0 ppm can be attributed to Cs
coordinated with 12 chloride atoms (i.e., the peak corresponds
to Cs in a regular coordination geometry), and the latter two to
Cs atoms coordinated to fewer chloride atoms and/or in
distorted local environments induced by chloride vacan-
cies.””** It is noted that the sum of the intensity for the
peaks at 76.9 and 68.8 ppm are comparable to that at 83.0
ppm, suggesting the existence of considerable amounts of
chloride vacancy-related defects in undoped NCs. In contrast,
Ni-11.9% shows a signal peaking at 82.4 ppm, accompanied by
a very weak peak at 74.5 ppm, evidencing much fewer chloride
vacancies.

Taking all these structural analyses together, we establish
that Ni doping can greatly suppress the formation of structural
defects such as chloride vacancies and that the Ni-doping-
induced increase in PLQYs can be associated with increased
short-range order of the CsPbCl; lattice. To examine the
oxidation state and the local coordination environment of Nij,
we next took Ni K-edge X-ray absorption spectra of Ni-11.9%,
Ni foil, NiCl,, and NiO. As seen in the XANES spectra (Figure
3d), the doped NCs show a similar onset of absorption to
those of NiCl, and NiO, indicating that the oxidation state of
Ni is +2. We also note that Ni-11.9% shows a relatively
symmetric white line near 8350 eV, akin to NiCl, and NiO
reference samples, which is a characteristic spectral feature of
Ni** in octahedral coordination.’’ It is expected that EXAFS
can provide more detailed information regarding the
coordination environment of Ni** in CsPbCl,, but unfortu-
nately it is found that the Ni L-edge EXAFS spectrum taken
at room temperature shows rather noisy signals in k space
(Figure S9). This may be caused by strong absorption of the
fluorescence signal of Ni by Cs and Pb and/or by the large
disorder of Ni in CsPbCl; that may result from the large
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Figure 4. DFT calculations of the band structure, DOS, stability regions of different compounds, and defect levels. (a) Band structure and DOS of
undoped CsPbCl; with a Cl vacancy. The horizontal dotted line represents the Fermi level. (b) Stability regions of different compounds against Cs
and Pb chemical potentials. (c) Defect levels for both pure and doped CsPbCl,. The red lines represent the highest defect level under the Fermi
level, whereas the blue lines represent the lowest defect level above the Fermi level. The values of VBM, CBM, and defect levels derive from the
corresponding band structures. (d) Band structure and DOS of Ni-doped CsPbCl, without any defect. The horizontal dotted line represents the

Fermi level.

difference in ionic radii of Ni and Pb (six-coordinate ionic radii
are 119 and 69 pm for Pb>* and Ni**, respectively).”>>

It is well known that the mean-square relative displacement
of absorber and backscatter atoms (6*) determined by EXAFS
experiments is composed of two contributions: a thermal
contribution and a static disorder contribution.”’* The former
is intimately associated with the temperature, which can be
partially suppressed by decreasing the temperature of the
sample.”’”* To know more information regarding Ni ions in
NCs, we then obtained the low-temperature Ni K-edge X-ray
absorption spectrum. The k,-weighted Ni K-edge EXAFS and
the corresponding FT of Ni-11.9% are shown in Figure S10a,
b. It is well recognized that 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 decreases by 0.2—0.5 A relative to the actual
interatomic distance.*”” We note that there is a peak located
at about 2.5 A (the distance not phase corrected) in R space
(Figure S10b), which is comparable to the bond length of Pb—
Cl in CsPbCl; but much larger than that of Ni—Cl in nickel
chloride, after considering the photoelectron phase shift. This
result, combined with other experimental facts including the
doping-induced significant change of the local environments of
Pb and Cs and the octahedral coordination of Ni** ions,
signifies that an isovalent substitution of Ni for Pb occurs,
resulting in a larger bond length of Ni—Cl in doped CsPbCl;
compared with those of nickel chloride.”> We stress that at
present it is still challenging to know the exact distribution of
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Ni ions in NCs, which remains an open question for further
research.

We next performed DFT calculations aimed at under-
standing the origin of Ni-doping-induced changes in structural
and photophysical properties of CsPbCl; NCs. All calculations
were carried out using the Vienna ab initio simulation package
(VASP) with projector augmented wave (PAW) poten-
tials.>>** The electronic band structures, density of states
(DOS), stability region of different compounds against Cl and
Pb chemical potentials, the defect formation energy, crystal
formation energy, and defect levels for both undoped and
doped CsPbCl; were calculated (see details in the
Experimental Section). As illustrated in Figure S11, both the
valence band maximum (VBM) and the conduction band
minimum (CBM) of pristine CsPbCl; are located at the R
point, corresponding to a calculated band gap of 2.11 eV,
~0.77 eV smaller than the experimental value of 2.88 eV, as
standard DFT generally underestimates the gap value."* We
note that the states around the band gap come from Pb and Cl
atoms, while Cs has no contribution (Figure S11).
Interestingly, undoped CsPbCl; with Cl vacancy possesses an
in-gap state, although its band gap remains almost unchanged
(Figure 4a). For undoped CsPbCl;, both Pb and Cs vacancies
cannot affect the band gap and no in-gap states are introduced
(Figures S12, S13). Since the defect formation energy depends
on the chemical potentials of the constitute atoms, there is a
certain region of chemical potentials in which pure CsPbCl; is
stable under thermal equilibrium growth conditions.”> We
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calculated the available equilibrium chemical potential region
for CsPbCl; by considering all limitations required and find
that the region is narrow (Figure 4b). We next mainly
considered the intrinsic point defects in pure (undoped) and
doped CsPbCl,, namely, atomic vacancies (V¢ Vi, and Vi in
pure CsPbCl; and Ni—V;, Ni—Vpy, and Ni—V, in doped
CsPbCl;) and substitutional defects (Nip,). Two points A*
and B* in Figure 4b were chosen to calculate the formation
energies of these defects. The A* point corresponds to the CI-
rich/Pb-poor condition, whereas the B* point to Cl-poor/Pb-
rich condition. In both cases we find that the formation energy
of Vpy, is much larger than those of V¢ and Vi, suggesting V
and Vg, as the dominant defects in CsPbCl; (Table 2). We

Table 2. Calculated Formation Energies (in eV) for Defects
in CsPbCl, at the Two Chosen Points A* and B¥ in Figure
4b
Ni— Ni— Ni—
Vo Ve, Vi Nipy, Va Ve, Vi
Cl-rich 2.378 1.292 4.089 1.239 3.197 2.758 5.426
Cl-poor 1237 2433 3.582 —4.408 -—-3.231 -1931 4412

also note that Ni readily substitutes for Pb under Cl-rich and
Cl-poor conditions. Importantly, under Cl-rich conditions (i.e.,
an experimental condition used for our synthesis), Ni doping
can notably increase the formation energy of V¢, V¢, and Vi,
This suggests that Ni doping into CsPbCl; favors the
suppression of these defects, agreeing well with the
experimental results. We note that, under Cl-rich conditions,
the crystal formation energy of Ni-doped 3 X 3 X 3 CsPbCl;
supercells is 1.239 eV larger than that of their undoped cousin.
This suggests that doping of Ni in the CsPbCl; lattice can

potentially decrease the growth rate of NCs, thus resulting in a
smaller size of doped NCs (Figure 1b,c), although the Ni
source in the reaction system may also influence the growth
process of NCs (e.g, affecting nucleation of NCs).

The defect levels for both undoped and doped CsPbCl; are
shown in Figure 4c. Obviously, V¢ and Ni—V; can introduce
deep defect levels, and all others show shallow levels or the
absence of in-gap defect levels. We underscore that this is in
sharp contrast with the case of CsPbBr;, CsPbl;, and hybrid
bromide/iodide perovskites, in which the halide vacancy
introduces a shallow defect level.”>™" As is recognized, deep
defect levels can act as carrier traps, resulting in nonradiative
recombination, whereas shallow levels largely preserve the bulk
electronic band structure and do not degrade the optoelec-
tronic properties.”> On the basis of the calculations of the band
structure and DOS of Ni-doped CsPbCl; without defects, we
can see that the band gap is almost unchanged with respect to
pristine CsPbCl; and a localized energy state associated with
Ni dopant near the VBM appears (Figure 4d). We note that
the band-edge emission of CsPbCl; NCs is of excitonic nature,
which can be viewed as the recombination of an excited
electron with self-trapped hole.** In light of high-efficiency PL
from doped NCs, we surmise that Ni doping could not greatly
influence the state of a self-trapped hole, although it is possible
to slightly affect the light absorption behavior (Figure S3). We
note that the influence of Ni doping on the electronic structure
of CsPbCl; NCs merits a more detailed study and will be
shown in our future work. The above theoretical results
highlight the important role of V¢, in limiting the
optoelectronic performance of CsPbCl; and suggest that the
benefit of Ni doping lies in the increased defect formation
energies that can result in improved crystal quality of CsPbCl;,
NCs. All these are consistent with the enhanced short-range

PLQY, 93.1%
CsPbCl,Br-Ni-2.2%

T PLQY, 4.8%
CsPbClBrundoped "\

PLQY, 92.0%
CsPBCI, Br,, Ni-2.8% /")

PLQY,1.2%
CsPbCl, ,Br,,-undoped 4
320 360 400 440 480
Wavelength (nm)

PL Intensity & Absorbance (a.u.)

CsPbCl,,Br,s-undoped
CsPbCI, ,Br,-Ni-2.8%
CsPbCl,Br-undoped
CsPbCl,Br-Ni-2.2%
Fitted curve

-

L I ]

=
2

Normalized Intensity (a.u.) =h

Figure 5. Morphology and optical properties of undoped and doped CsPb(Cl,Br); NCs. (a, b) Low-magnification TEM images of (a) undoped
and (b) doped CsPbCl, ;Br,¢ NCs. (c, d) Low-magnification TEM images of (c) undoped and (d) doped CsPbCl,Br NCs. Insets of (a)—(d) show
the histograms of edge lengths of corresponding CsPbX; NCs. (e) Absorption and PL spectra of undoped and doped CsPb(ClBr); NCs. Inset
shows the photographs of an NC solution under UV (365 nm) illumination. (f) PL decay traces of undoped and doped CsPb(ClBr); NCs.
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order of the lattice and the near-unity PLQY as experimentally
confirmed (Figure 2a, Figure 3a—c).

Importantly, we find that the strategy shown here can be
applied to tuning the photophysical properties of other lead
halide perovskite NCs. For instance, doping 2.8% Ni into
CsPbCl, ,Bry¢ results in a similar trend to CsPbCl; in
influencing the size and morphology of NCs (Figure Sa—d);
the PLQY increases from 1.2% for CsPbCl, ,Br;4 to 92.0% for
the doped cousin (Figure Se, Figure S14). Similarly, doping
2.2% Ni into CsPbCLBr leads to a PLQY of 93.1%, much
higher than that of undoped NCs (4.8%) (Figure Se, Figure
S$15). Additionally, in both cases, Ni doping greatly lengthens
the PL lifetimes and suppresses the nonradiative recombina-
tion rates (Figure Sf, Table S3). We note that the
concentration of Ni in these mixed halide perovskite NCs
with PLQYs over 90% is much less than that in CsPbCl; NCs.
This might imply that less dopant is enough to inhibit the
formation of structural defects in these mixed halide NCs.

B CONCLUSIONS

To summarize, we have shown that doping of CsPbX; NCs
with Ni ions enables single-color violet luminescence with
near-unity PLQYs. The combined experimental and theoretical
characterizations revealed that the benefit of Ni doping lies in
the increased defect formation energy, resulting in greatly
improved short-range order of the perovskite lattice and thus
near-unity PLQY. Most excitingly, the concept of doping-
enhanced lattice order is not limited to CsPbCl; NCs, but is
applicable to other perovskite systems. This result sheds light
on the importance of defects in limiting the performance of
perovskite NCs and presents a practical route to eliminate their
impact on the optical properties. We therefore envisage that
the use of doping engineering to target perovskite nanostruc-
tures with near-ideal properties should enable the development
of a wide range of high-performance devices such as violet
lasers, light-emitting diodes, single-photon sources, and

beyond.

B EXPERIMENTAL SECTION

Chemicals. Cesium carbonate (Cs,CO;, Aladdin, 99.99%),
lead(IT) chloride (PbCl,, Alfa Aesar, 99.999%), nickel(II) chloride
hydrate (NiCl,-«H,0, Alfa Aesar, 99.995%), oleic acid (OA, Alfa
Aesar, tech,, 90%), oleylamine (OAm, Acros, approximate C18-
content 80—90%), tri-n-octylphosphine (TOP, Alfa Aesar, tech.,
90%), l-octadecene (ODE, Alfa Aesar, tech., 90%), and n-hexane
(Hex, GC, >98.0%) were used. All chemicals were used without
purification unless otherwise noted.

Preparation of Cs-Oleate. Cs,CO, (0.4073 g) was loaded into a
50 mL three-neck flask along with ODE (15 mL) and OA (1.35 mL),
dried under vacuum for 1 h at 120 °C, and then heated under N, at
150 °C until all Cs,COj; reacted with OA. The final reaction solution
was kept at 150 °C since Cs-oleate precipitates out of ODE at room
temperature.

Synthesis of CsPbCl; and CsPb(CI/Br); NCs. For the synthesis
of CsPbCl; NCs, PbCl, (0.1322 g), ODE (10 mL), OAm (1.6 mL),
OA (1.6 mL), and TOP (2 mL) were added into a SO mL three-neck
round-bottomed flask, dried under vacuum for 1 h at 120 °C, and
then heated under N, at 120 °C. Meanwhile, dried OAm (1.6 mL)
and dried OA (1.6 mL) were subsequently injected into the mixed
solution. After 10 min, the temperature was raised to 210 °C and kept
at this temperature for S min. Then, the Cs-oleate solution (0.9 mL,
0.15 M in ODE) was quickly injected, and 60 s later the reaction
mixture was cooled by an ice—water bath. Note that OA and OAm
were dried under vacuum for 2 h at 100 °C, which were named as
dried OA and dried OAm, respectively. The synthesis of CsPb-
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(Cl,Br); NCs was similar to that of CsPbCl; NCs except for the use of
PbCl, and PbBr, with molar ratios of 4:1 and 2:1.

Synthesis of Ni-Doped CsPbCl; and CsPb(Cl,Br); NCs. For a
typical synthesis of doped CsPbCl; NCs, PbCl, (0.1232 g), dried
NiCl, (0.1146 g), ODE (10 mL), OAm (1.6 mL), OA (1.6 mL), and
TOP (2 mL) were added into a SO mL three-neck round-bottomed
flask, dried under vacuum for 1 h at 120 °C, and then heated under
N, at 120 °C. Meanwhile, dried OAm (1.6 mL) and dried OA (1.6
mL) were subsequently injected into the mixed solution. After 10
min, the temperature was raised to 210 °C and kept at this
temperature for S min. Then, the Cs-oleate solution (0.9 mL, 0.15 M
in ODE) was quickly injected, and 60 s later the reaction mixture was
cooled by an ice—water bath. The Ni** concentration was tuned by
changing the ratio of PbCl, and NiCl, from 1:0 to 1:3. Note that
NiCl,-«H,0 was dried under vacuum for 12 h at 100 °C to remove
water. Ni-doped CsPb(ClLBr); NCs were synthesized by using the
molar ratios of (PbCL+NiCl,):PbBr; of 4:1 and 2:1, while keeping all
the other parameters unchanged.

Isolation and Purification of Perovskite NCs. The crude
solution was cooled with an ice water bath, and aggregated NCs were
separated by centrifuging for S min at 12000 rpm. After
centrifugation, the supernatant was discarded and this process was
repeated two more times to remove the residual reaction mixture.
Then the particles were redispersed in 4 mL of hexane and
centrifuged again for S min at 12 000 rpm, and the supernatant was
discarded. After repeating the previous step two more times, the
precipitate was redispersed in 4 mL of hexane, the NCs were
centrifuged again for S min at 12 000 rpm, and the supernatant was
collected as the final stable colloidal NC solution.

Composition, Structure, and TEM Characterization. The
concentrations of lead and nickel ions were determined by using ICP-
MS (iCAPTM Qc, Thermo Scientific). XRD data were recorded
using a Bruker D2 PHASER diffractometer with Cu Ka radiation (4 =
1.540 56 A). To prepare the samples for the XRD measurement, the
NC solution was evaporated under vacuum at room temperature, and
the precipitation was redispersed in toluene to form a concentrated
NC solution. The cloudy solution was then drop-cast onto a glass
substrate. TEM measurements were performed using a FEI Tecnai
G20 S-TWIN TMP microscope operating at an accelerating voltage of
200 kV. TEM samples were prepared by dropping a dilute colloidal
solution of NCs in a hexane/toluene mixture (1:2) onto the carbon-
coated copper grids and dried under ambient conditions. High-
resolution TEM patterns were collected using a FEI Tecnai G2 F20 S-
TWIN TMP microscope operating at an accelerating voltage of 200
kV. STEM-EDS elemental mapping was obtained using an FEI Talos
F200X microscope.

Absorption and Luminescence Characterization. The
absorption spectra were taken by a double-beam UV—vis—NIR
spectrophotometer (Cary S000, Agilent). PL spectra were recorded
on a spectrometer equipped with continuous (450 W) xenon lamp
(FLS980, Edinburgh Instrument). Room-temperature PLQYs were
measured using an integration sphere incorporated into a spectro-
fluorometer (FluoroLog, Horiba) equipped with a 450 W xenon lamp.
Time-resolved PL measurements were acquired 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® All NC solutions were diluted to an optical
density of ca. 0.08 at the corresponding excitation wavelength to
minimize the reabsorbance effect. To check whether doped NCs show
PL at longer wavelengths, we also measured the emission spectra by
using highly sensitive measurement systems, an iHRSS0 mono-
chromator equipped with a liquid-N,-cooled InGaAs detector
(SYMPHONY 1II, 1000—2200 nm, Horiba). We note that no
emission was observed in the range of 1000—2200 nm for doped
NCs, under various excitation wavelengths. The detailed methods for
the calculation of the average lifetime and radiative and nonradiative
decay rates are shown in the Supporting Information.

NMR Characterization. '**Cs MAS NMR spectra were recorded
with a WB/AVANCE III spectrometer (Bruker), and the resonance
frequency was 52.482 MHz for '*Cs. Single-pulse excitation was
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used, the MAS rate was 10 kHz, and a 0.5 M CsNO; aqueous solution
(*33Cs: 0 ppm) was used as external standard for the calibration of the
chemical shift.

X-ray Absorption Spectroscopy. The X-ray absorption spectra
of the Pb Ly; edge for the CsPbCl; NCs and Ni-doped CsPbCl; NCs
samples were obtained on the 1W2B beamline 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 monochromator was used. The NC sample was
dispersed on a single-faced adhesive tape (Scotch), which was further
sealed with cellulose tape along the edge. This was carried out in a
nitrogen-filled glovebox to avoid the adsorption of water molecules or
oxygen. Data were collected in the transmission mode at room
temperature. The Pb (Alfa Aesar, 99.9%) and PbCl, (Alfa Aesar,
99.999%) powders were used as reference samples. Before taking
measurements, Pb powder was thermally treated at 150 °C for 1 hin a
reducing atmosphere (H,/N,: 5%) to remove the oxide layer on the
surface. The X-ray absorption spectrum of the Ni K-edge for Ni-
doped CsPbCl; NCs was recorded in the fluorescence mode at room
temperature and at 85 K. Ni foil, NiO (Alfa Aesar, 99.998%), and
dried NiCl, (Alfa Aesar, 99.995%) powders were used as reference
samples, and data were collected in the transmission mode. All X-ray
absorption spectra were taken at room temperature. The obtained
data were analyzed using the IFEFFIT software package.’®

DFT Calculations. All calculations are carried out using the VASP
with PAW potentials.”*** DFT calculation is performed at a single
point at the generalized gradient approximation of Perdew—Burke—
Ernzerhof (GGA-PBE). The structure relaxations are carried out with
a 450 eV plane-wave cutoff. The self-consistent total-energy difference
and the convergence criterion for forces on atoms are set to 107 eV
and 0.05 eV/A, respectively. For k-point integration within the first
Brillouin zone, a 3 X 3 X 3 Monkhorst—Pack grid fora 3 X 3 X 3
supercell is selected. On the basis of the static states mentioned above,
we calculated the corresponding band structures and DOS, the
stability region of different compounds against Cl and Pb chemical
potentials, and the defect formation energy for both undoped and
doped CsPbCl; supercells. In band structures and DOSs, the zero
energy point was set to the Fermi level of the pure CsPbCl;. The
system with the defect was corrected by aligning the average
electrostatic potential (V,,) of Cs atoms located far from the defect to
the V,, for the same elements in the pure CsPbCl;. To examine the
feasibility of incorporating different defects into the lattice, we
calculated the formation energy according to the following equations:

Efitfned = Etotal(Ni doped) - [Etotal(pure) + ”Ni - ul’b] (1)
Ef‘:rin = Etota[(X VaC) - [Etntal(pure) - MX] (2)
Et:‘rixnfd = Etotal(mixed) - [Etoml(Pure) + ‘uNi - ﬂx - .upb] (3)

where X represents the chemical elements of Cs, Pb, or Cl. Efped

Ef, and EPX? represent dopant formation energy, vacancy
formation energy, and mixed defect (that contains dopant and
vacancy) formation energy, respectively. E,,(Ni doped), E (X
vac), and E,,;(mixed) are the total energies of 3 X 3 X 3 supercells of
CsPbCl; containing Ni dopant, X vacancy, and mixed defects,
respectively. E,..,(pure) is the total energy of an undoped CsPbCly
supercell. ficg ppy, ficy and piy; are the chemical potentials of Cs, Pb,
Cl, and Ni atoms, respectively. The crystal formation energies
Eum[CsPbCl;] and Eg,,,[CsPbCl,:Ni], can be calculated from the

expressions:

Eom[CsPbCL] = E, . (pure) — 27u. — 27, — 8lug (4)

Eym[CsPbCLNi] = E, . (Ni doped) — 27p. — 26, — 81,

()

The difference in the crystal formation energy (AE) of CsPbCly:Ni
and CsPbCl, thus can be calculated as follows:

~ Py
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AE = Etotal(Ni dOPed) - [Etotal(Pure) + HPni — pr] (6)
doped

It is obvious that AE is equal to Eg2:". The stability region of
different compounds against Cl and Pb chemical potentials was
calculated as follows. First, to prevent formation of these elementary
substances in the process of synthesis, jic, < 0 €V, up, < 0 eV, and p¢;
< 0 eV should be satisfied. Second, equilibrium growth of a stable
CsPbCl; compound also requires that the chemical potentials should
satisfy the following condition:

Hey + Hp, + 3 = AH(CsPbCly) = —17.806 eV (7)

where AH(CsPbCl;) is the total energy of the CsPbCl; unit cell.
Lastly, to avoid the formation of the competing binary compounds
such as CsCl and PbCl,, the following constraints should be applied:

(8)

)

where AH(PbCl,) and AH(CsCl) are the total energies of PbCl, and
CsCl unit cells, respectively. With all of these constraints considered,
we plotted the available equilibrium chemical potential region for
CsPbCl; as shown in Figure Sb.

Hpy + 24 < AH(PbCL)) = —=7.063 eV

Heo F Mo < AH(cscl) = —4.892 eV
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