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ABSTRACT
The luminescence and charge transport properties of inorganic CsPbX3 perovskite nanocrystals (NCs) make them attractive candidates for
various optoelectronic applications, such as lasing, X-ray imaging, light communication, and light-emitting diodes (LEDs). However, to
realize cutting-edge device performance, high-quality NCs with high photoluminescence quantum yields (PLQYs) are essential. Therefore,
substantial efforts and progress have been made to attain superior design/engineering and optimization of the inorganic NCs with a focus
on surface quality, reduced nonradiative charge carrier recombination centers, and improved colloidal stabilities. Metal-ion doping has been
proven to have a robust influence on the electronic band structure, PL behavior, and charge carrier recombination dynamics. Thus, in this
perspective, we summarize the recent progress of the significant impact of metal cation doping on the optical properties, including the PL
enhancement of CsPbCl3, CsPbBr3, and CsPbI3 perovskite NCs. Moreover, we shed light on the mechanism behind such improved properties.
We conclude by recommending possible aspects and strategies to be further explored and considered for better utilization of these doped NCs
in thin-film optoelectronic and energy conversion devices.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5131807., s

I. INTRODUCTION

All-inorganic lead-halide perovskite nanocrystals (NCs), typi-
cally CsPbX3 (X = Cl−, Br−, and I−), are being considered as next-
generation light emitters due to their desirable photophysical prop-
erties, such as high photoluminescence quantum yield (PLQY: e.g.,
near unity), high color-purity with tunable emission, high defect
tolerance, and good thermal and moisture stabilities.1–9 Because of
the ionic nature and low crystallization temperature, colloidal inor-
ganic perovskite NCs can be easily synthesized by low-cost solution-
processed methods.4 Such superlative properties render CsPbX3
nanocrystals widely utilizable in optoelectronic applications such as
solar cells,10–13 light-emitting diodes (LEDs),14–21 lasers,22–25 pho-
todetectors,26–28 single-photon sources,29,30 X-ray scintillators,31,32

visible-light communications,33 and high-definition displays.34,35

Despite the great promise for various applications, several stud-
ies indicate that solution-processed perovskite NCs suffer from
the existence of a substantial level of trap-mediated nonradiative
losses including point defects (excessive Pb2+ atoms or halide vacan-
cies) and structural disorders, which act as parasitic nonradiative
recombination centers, leading to photoluminescence quenching
and poor thermal-stability and photo-stability.17,26,36–39 Recently,
several promising steps have been taken to break the present bot-
tleneck and tackle these issues, including (i) surface treatment with
different ligands or metal ion salts,17,42–46 (ii) employing halide-rich
synthesis conditions or controlling the lead and halogen ratio dur-
ing the synthesis,37,46,47 and (iii) doping with targeted metal halide
salts.40,41 In semiconductor nanocrystals, dopant engineering is a
promising approach for tailoring and modulating the luminescence
efficiency as well as the stability of the NCs.48,49 In general, the
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incorporation of dopant states either imparts extra electrons (i.e.,
n-type doping) or extra holes (i.e., p-type doping), which allows
for fine control over the recombination processes and accordingly
enhances the optical properties of the host, or induces new emissions
from dopants.50,51 In addition, judicious doping enables introducing
new electronic energy levels within the bandgap and correspond-
ing low-energy electronic transitions without changing the crystal
structure or the intrinsic optical features of the host materials.41,52 In
the case of the inorganic perovskite system, the intrinsic flexibility of
the ionic crystalline scaffold (APbX3) makes it more convenient and
versatile to achieve targeted doping compared to the conventional
metal chalcogenide semiconductor nanocrystals, such as PbS and
CdSe.41 Moreover, introducing B-site (i.e., the site of Pb2+) dopants
could precisely tune the luminescence and optical properties and
bandgaps, stabilize crystal structures, create new emission character-
istics, and reduce the defect state density.41,53 In the perovskite NC
systems, the doping can be realized by adding the metal-ion salts
into the precursor solutions during the hot-injection or room tem-
perature synthesis.50,54,55 In addition, postsynthetic cation exchange
reactions have been shown to be another efficient way for tuning
the compositional and optical properties of the NCs.56,57 Recently,
a wide array of metal ions, including transition metals, rare earth
elements, and lanthanides, have been successfully incorporated into
perovskite NCs and led to a substantial augmentation of the NCs’
optical properties.41 For instance, the doping of Mn2+ and lan-
thanide ions (e.g., Yb3+, Er3+, La3+, . . .) into perovskite NCs can
generate a high PLQY—approaching near-unity in some cases—of
metal ion-related emission as a result of the efficient energy transfer
from the perovskite NC host to the dopants.58–62 However, another
variety of monovalent, divalent, and heterovalent metal ion dopants
(Ni2+, Cd2+, Cu2+, Ca2+, Sr2+, Na+, Ce3+, and Sb3+) has led to the
improved PLQY of the perovskite NCs without introducing new
emission bands.50,54,55,63–66 On the other hand, it was also noted that
some dopants (i.e., Bi3+, Al3+, and Ag+) tend to introduce trap states
in the bandgap that quench the photoluminescence.67–69 Despite
these impressive strides in the area of perovskite doping, the exact
influence of dopant ions on the optical properties and their behavior
inside the perovskite matrix remains unclear and hard to predict.40

In this perspective, we summarize the recent studies on the B-site
metal ion doping of CsPbX3 (X = Cl, Br, and I) NCs that lead to
the improved optical characteristics (i.e., a higher PLQY and longer
PL lifetime after doping). We present the recent works and progress
made on the metal doping of CsPbCl3, CsPbBr3, and CsPbI3 and give
an overview of the current understanding of the inherent doping
mechanisms that lead to PL enhancement and how dopants con-
trol the optical properties of inorganic perovskite materials. Finally,
we discuss the present limitations and challenges to be solved to
further expand the potential integration of doped perovskite NCs
into optoelectronic devices for better efficiency and operational
stability.

A. Metal-ion doped CsPbCl3 nanocrystals
The CsPbCl3 NC system is the only system in the Cs-Pb-X

perovskite family that can achieve deep-blue emission due to its
intrinsically large bandgap (∼3.0 eV). However, point defects (such
as Cl vacancies, with the lowest defect formation energy occur-
ring under Cl-poor synthetic conditions26) can introduce local

structural distortions and lattice disorders. Such defects can induce
intragap defect states and nonradiative recombination centers that
degrade the optical properties of the pristine NCs.63 Therefore, sev-
eral research efforts have been recently devoted to increasing the
PLQY of CsPbCl3 NCs in order to expand their practical opto-
electronic applications. Here, we focus on the recent developments
related to metal-ion incorporation in pristine CsPbCl3 NC hosts
that improve the optical properties and PLQY without introduc-
ing new emission bands from metal ions. In the literature, sev-
eral dopants have been incorporated into the CsPbCl3 NC hosts,
especially alkaline earth (AE2+) metals and transition metals. For
instance, due to the comparable ionic radii of AE2+ metal ions [i.e.,
Ba2+, Sr2+, Ca2+, and Mg2+ (135, 118, 100, and 72 pm, respectively)
relative to Pb2+ (119 pm)],70 Chen and co-workers have carefully
explored the effects of doping AE2+ metal ions into CsPbCl3 NCs
(via the hot injection method) on suppressing the structural defects
and improving the performance of the LED devices.65 As shown in
Fig. 1(a), they found that the photophysical properties were corre-
lated with the type and amount of AE metal ions: (i) upon incor-
porating Sr2+, Ca2+, and Mg2+, a significant increase in the PLQY
was observed, from ∼0.8% to 36.6% (Mg2+), to 50.7% (Sr2+), and
to 77% (Ca2+); (ii) an extremely low PLQY was observed in the
case of Ba2+ (0.9%); and (iii) increasing the doping concentration
of Ca2+ from 2% to 11% shows a remarkable increase in the PL life-
time and PLQY [see the time-resolved PL spectra in Fig. 1(a), lower
panel]. In addition, the measured nonradiative decay rates clearly
suggest a successful suppression of the surface defect states and/or
vacancies.

In the case of doping with transition metal ions, Yong et al.
have studied the effect of incorporating Ni ions into CsPbCl3 NCs
using the hot injection method, as Ni can strongly coordinate
with halide ions.63 From the steady-state absorption and PL spec-
tra of CsPbCl3 NCs before and after Ni2+-doping [Fig. 1(b)], there
is virtually no change in the absorption spectra of CsPbCl3 NCs
after Ni2+-doping, but a substantial PL enhancement of CsPbCl3
NCs was observed. Interestingly, a remarkable increase in the
PLQY (up to 96.6%) was achieved, suggesting negligible nonra-
diative recombination in Ni2+-doped NCs when the doping con-
centration reached 11.9 mol. %. The time-resolved PL measure-
ments indicated that the PL decay of CsPbCl3 NCs becomes slower
after Ni-doping (i.e., an increased PL lifetime), providing another
strong piece of experimental evidence for the efficient suppression
of the nonradiative recombination channels [Fig. 1(b), left panel].
Importantly, the crystal structural characterizations assisted by both
X-ray absorption fine structure (EXAFS) and magic angle spin-
ning (MAS) measurements revealed that Ni2+ ions can substan-
tially suppress the structural formation of defects, especially the
Cl vacancy, in the CsPbCl3 NCs. Therefore, the obtained near-
unity PLQY of CsPbCl3 can be attributed to the improved crys-
tal lattice order when the Ni2+ ions are introduced into the host
NCs.

Samanta and co-workers have recently studied the doping of
Cd2+ metal ions into CsPbCl3 NCs using room-temperature post-
synthetic cation exchange/treatment.64 Similar to the Ni2+-doping
case,63 the Cd2+ ions induced no PL spectral shift despite that
the radii of Cd2+ ions (93 pm) and Ni2+ ions (69 pm) are much
smaller than that of Pb2+ ions [Fig. 1(c)]. Surprisingly, the PLQY
was improved, reaching near-unity (96% ± 2%) after Cd2+ doping.
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FIG. 1. (a) UV-vis absorption and PL spectra of pristine and AE2+-CsPbCl3 NCs (upper panel) and the PL decay kinetics of Ca2+-CsPbCl3 NCs with different Ca2+ concentra-
tions (lower panel) reprinted with permission from Chen et al., Chem. Mater. 31, 3974 (2019). Copyright 2019 American Chemical Society; (b) absorption and PL spectra and
the PL decay kinetics of undoped and Ni2+-doped CsPbCl3 NCs; reprinted with permission from Yong et al., J. Am. Chem. Soc. 140, 9942 (2018). Copyright 2018 American
Chemical Society; (c) the PL spectra of untreated and Cd2+-treated CsPbCl3 NCs (left side) and the PL decay dynamics (λex = 375 nm) of CsPbCl3 NCs before and after
CdCl2 doping (right side) reprinted with permission from Mondal et al., ACS Energy Lett. 4, 32 (2019). Copyright 2018 American Chemical Society; and (d) the steady-state
absorption and PL spectra for the CsPbCl3 NCs dispersed in hexanes before and after YCl3 and Y-acetate surface passivation/doping, reprinted with permission from Ahmed
et al., ACS Energy Lett. 3, 2301 (2018). Copyright 2018 American Chemical Society.

The Cd2+-doped CsPbCl3 NCs were found to exhibit improved sta-
bility under the continuous illumination in ambient conditions. The
time-resolved PL measurements [Fig. 1(c), left panel] suggested that
the doped NCs exhibit a much longer lifetime as compared to that of
the pristine NCs. In addition, the ultrafast transient absorption and
the temperature-dependent PL measurements along with the calcu-
lated nonradiative decay rates revealed that the Cd2+ ions can intro-
duce a shallow energy level and dramatically suppress the nonradia-
tive channels, which could be one possible reason for the increased
PLQY.

Very recently, De et al. have investigated another transition
metal ion (i.e., Cu+) doped into CsPbCl3 NCs by using the one-pot
hot injection method.54 The PLQY increased by almost ∼120 times

upon Cu+ doping (from ∼0.5% up to 60%). Similar to the previous
cases using transition metal ions, no PL shift was observed in Cu+-
doped CsPbCl3 NCs. The time-resolved PL measurements showed
that the Cu+-doped NCs show much longer PL lifetime as compared
to undoped NCs; furthermore, the femtosecond transient absorp-
tion measurements suggest the suppression of the ultrafast carrier
trapping processes in the doped CsPbCl3 NCs.

Due to the fast ion exchange between perovskite NCs and metal
ion dopants, diffusion doping can also be realized via postsynthetic
surface treatment. We have recently reported a simultaneous dual-
surface doping/passivation using YCl3 metal ion salt on the sur-
face of CsPbCl3 NCs.26 We achieved an enhancement in the PLQY
(from 1% to 60%) of CsPbCl3 NCs with improved surface stability
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[Fig. 1(d)]. From time-resolved PL spectra, we also observed a sig-
nificant increase in the PL lifetime from 0.4 to 1.7 ns, which sug-
gests that the nonradiative decay rates were substantially reduced
after YCl3 treatment. This was also supported by density functional
theory (DFT) calculations, which show that Y3+ and Cl− ions effi-
ciently occupy the surface Pb–Cl ion vacancies, enriching the den-
sity of states in the conduction band without creating any mid-gap
states.

B. Metal-ion doped CsPbBr3 nanocrystals
Among Cs-Pb-X compounds, CsPbBr3 NCs are considered to

be the most promising green light emitters for LED applications17,18

because of their relative thermal stability (compared to CsPbI3 and

CsPbCl3), low moisture sensitivity, and high PLQY.1,67,71 However,
there is still a need to substantially improve the external quantum
efficiencies (EQEs) of the CsPbBr3 NC-based LED devices before
their commercial applications are realized. Hence, doping could also
become a key strategy to increase the EQE.72 Yao et al. have recently
doped CsPbBr3 NCs with Ce3+ ions by using the hot injection
method, taking into account that the Ce3+ ion is not too dissimilar in
ionic radius (103 pm) from the Pb2+ ion (119 pm).50 They found that
CsPbBr3 NCs when doped with a substantive amount of Ce3+ ions
remarkably showed a twofold enhancement in the PLQY (reaching
up to 89%) as compared to the pristine CsPbBr3 NCs. The steady-
state absorption and PL showed that the Ce3+ dopants could induce
a slight blue shift in the absorption edge and a large enhancement in
the PL intensity [Fig. 2(a)]. Under ambient conditions, the CsPbBr3

FIG. 2. (a) UV-vis absorption and PL spectra of the undoped and Ce3+-doped CsPbBr3 NCs (the inset shows the solutions of undoped and doped CsPbBr3 NCs; the right
panel displays the average PL lifetimes (red line) and the PLQY (black line) as a function of the dopant concentration), reprinted with permission from Yao et al., J. Am. Chem.
Soc. 140, 3626 (2018). Copyright 2018 American Chemical Society; (b) the PL and optical absorption spectra of the Na+-doped CsPbBr3 NCs with different Na/Pb atom
ratios (the right side represents the integrated PL intensity of CsPbBr3 as a function of temperature and the PL decay of undoped and Na+-doped CsPbBr3 NCs), reprinted
with permission from Li et al., Chem. Mater. 31, 3917 (2019). Copyright 2019 American Chemical Society; (c) the absorption and PL spectra of sample A-undoped, B-3.4,
C-3.6, D-3.9, and E-4.2 mol. % of Sb3+ dopants (left side), the PLQYs of these samples under sunlight and UV light at the different doping concentrations of Sb3+ ions (right
side), and the PL decay curves of all A-E samples (lower panel), reprinted with permission from Zhang et al., J. Phys. Chem. Lett. 10, 1750 (2019). Copyright 2019 American
Chemical Society.
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NCs showed significant improvement in stability due to the lattice
contraction after Ce3+-doping.50 Interestingly, through the compar-
ison of the average PL lifetimes and the PLQY of CsPbBr3 NCs at
different dopant concentrations, it was found that the PL enhance-
ment was accompanied by a decrease in the average PL lifetimes as
the dopant concentration increased [Fig. 2(a), left side]. They further
explained such an unexpected relationship based on the ultrafast
transient absorption measurements: the near band-edge states from
Ce3+ dopants provided more radiative channels for the PL enhance-
ment, and meanwhile, the enhanced couplings between these states
as well as between the higher-lying and lowest excitonic states can
promote the PL decay. In addition, the fabricated LED devices based
on the Ce3+-doped CsPbBr3 NCs showed a 3-fold increase in the
EQE from 1.6% to 4.4%.

Very recently, Li et al. have reported a doping strategy of univa-
lent Na+ ions into CsPbBr3 NCs at room-temperature.55 The doped
CsPbBr3 NCs showed better color purity, improved stability, and a
higher PLQY (∼85%) compared to the pristine NCs. As shown in
Fig. 2(b), the steady-state absorption and PL spectra of the colloidal
Na+-doped CsPbBr3 NCs with different Na/Pb atom ratios show that
upon Na+ doping both absorption and emission peaks were gradu-
ally blue shifted by increasing the doping concentration, which indi-
cates that such doping can slightly alter the bandgap of CsPbBr3. The
temperature-dependent PL measurements suggest that the emission
intensity of the doped NCs decreased by increasing the tempera-
ture, which results from the thermally activated nonradiative recom-
bination. Moreover, the time-resolved PL measurements showed
that the average PL lifetime became much longer and the calcu-
lated nonradiative recombination rates dropped dramatically after
Na+-doping, highlighting that Na+ ions substantially suppressed the
formation of charge carrier trapping states in the CsPbBr3 NCs.
Interestingly, the white light-emitting devices (WLEDs) employ-
ing the Na+-doped NCs as solid-state phosphors exhibited a sta-
ble high quality white-light and a notably high power efficiency
(67.3 l m/W).

Zhang et al.73 have reported the room-temperature doping
of Sb3+ ions (92 pm ionic radius) into ultra-small blue emissive
CsPbBr3 NCs. They found that the doping of Sb3+ ions could reduce
the surface energy, boost the PLQY of blue emission up to 73.8%,
and enhance the stability even at elevated temperatures in solution
(40–100 ○C). The steady-state absorption and PL spectra in Fig. 2(c)
demonstrate a slight reduction in the full width at half maximum
(FWHM) due to the increased exciton binding energy. The PLQY
of the doped NCs [sample C in Fig. 2(c)] increased from a 50%
baseline to as high as 73%. The PL decay kinetics suggested that
the Sb3+ doping could passivate the defect states below the bandgap
and increase the probability of radiative recombination. It was noted
that the CIE coordinates of the doped CsPbBr3 NCs were very close
to the primary blue color according to the National Television Sys-
tem Committee (NTSC) TV color standard, which bodes well for the
applications of these NCs in display.

C. Metal-ion doped CsPbI3 nanocrystals
CsPbI3 NCs are very promising red-light emitters. Although

pristine CsPbI3 NCs can achieve a high PLQY (>70%), these NCs
suffer from severe phase instability. The black phase of CsPbI3
exhibits an undesirable tolerance factor that leads to poor phase

stability, i.e., it undergoes a spontaneous room temperature phase
transition to a nonphotoactive yellow phase when exposed to
humidity or ambient conditions.74,75 Thus, tremendous efforts have
been devoted for developing various synthetic approaches to sta-
bilize the black phase of CsPbI3 NCs while preserving a high
PLQY.2,76,77 Due to the similar ionic radii of Sr2+ and Pb2+ ions
(118 pm vs 119 pm), Lu et al.66 have studied the doping effects of Sr2+

on the photo/electroluminescence efficiency and the phase stability
of CsPbI3 NCs. In their study, the SrCl2 coprecursor introduced a
simultaneous Sr2+ ion doping and surface Cl− ion passivation. The
steady-state absorption and PL spectra of CsPbI3 NCs with differ-
ent amounts of SrCl2 showed that both the absorption peak and
PL peak exhibited a slight blue-spectral shift when increasing the
SrCl2:PbI2 ratio. Following the SrCl2 addition, a significant increase
in the PLQY of CsPbI3 NCs from 65% to 84% was observed and the
improved stability of the cubic α-phase of CsPbI3 NCs was achieved
[Fig. 3(a)]. It is worth noting that the enhanced phase stability of
CsPbI3 NCs can be attributed to the direct increase in the formation
of energy and the modifications of the tolerance factor of the CsPbI3
crystal structure. The time-resolved PL kinetics suggest that the
average PL lifetimes dramatically increased when employing SrCl2,
which demonstrates that the surface defects were efficiently reduced
and the surface of CsPbI3 NCs became Cl− enriched—reducing the
likelihood of uncoordinated Pb atoms—resulting in the increased
PLQY and a much-prolonged charge carrier lifetime. The authors
achieved a 13.5% EQE of LED devices by employing the Sr2+-doped
CsPbI3 NCs.

Shen et al. have studied the partial substitution of Pb2+ ions into
CsPbI3 NCs through Zn2+ alloying.78 As the ionic radius of Zn2+

(74 pm) is much smaller than that of Pb2+ (119 pm), the reduced lat-
tice constant of the NCs suggests that Zn2+ cations efficiently replace
Pb2+ cations. The steady-state absorption and PL showed that both
the absorption and the PL peaks of the NCs were blue shifted by
increasing the amount of Zn2+ ions in CsPbI3 hosts. The authors
attributed these spectral shifts to the observations that the lattice
contraction and the emission intensity increased at first and then
decreased with the increasing concentration of Zn2+ in the NCs [see
Fig. 3(b)]. Interestingly, the PLQY of the alloyed NCs dramatically
increased up to 98.5% when changing the Zn2+ concentration. In
addition, the radiative decay rates showed a 4-fold increase, while
a 10-fold decrease was seen in the nonradiative decay rates, indi-
cating an effective suppression of the defect states in alloyed NCs.
The stability of the NCs was also improved as a result of modu-
lating the tolerance factor of the lattice structure. Interestingly, the
nanocrystals switched from n-type due to I− vacancies to nearly
ambipolar for the alloyed NCs. More importantly, alloying Zn2+ into
NCs can achieve an enhanced EQE of up to 15.1% in the LED-based
device.

Very recently, Bera et al. have found that the incorpora-
tion of Sb3+ ions into the CsPbI3 NCs using the hot injection
method could stabilize the crystal phase under ambient atmosphere
[Fig. 3(c)].79 They observed that excess doping changed the shape
of the cubic NCs and induced a 2D structure assembly, forming
platelet-shaped NCs, and consequently quenched the emission effi-
ciency and reduced the overall stability, as shown in the atomic
model of the crystal structure. Since the ionic radius of Sb3+ (92 pm)
is smaller than that of Pb2+ (119 pm), the Sb3+ ions can increase the
tolerance factor of the crystal (i.e., an indicator for the stability and
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FIG. 3. (a) UV-vis absorption and PL spectra of CsPbI3 NCs synthesized using different SrCl2:PbI2 ratios and the PLQY values and the PL decay curves of CsPbI3 NCs as
a function of SrCl2:PbI2 ratios (lower panel), reprinted with permission from Lu et al., Adv. Mater. 30, 1804691 (2018). Copyright 2018 Wiley-VCH; (b) absorption and PL
spectra of both CsPbI3 and alloyed NCs with different Zn:Pb ratios, the absorption peak and PL peak maxima and PLQY values, and the PL decay time of pristine and alloyed
CsPbI3 NCs at different Zn:Pb ratios (left panel), adapted from Shen et al., Nano Lett. 19, 1552 (2019). Copyright 2019 American Chemical Society; (c) the absorption, PL
spectra, and the atomic models of α-CsPbI3 and platelet-shaped α-CsPb1−xSbxI3 nanocrystals, reprinted with permission from Bera et al., ACS Energy Lett. 4, 1364 (2019).
Copyright 2019 American Chemical Society; (d) the PL spectra of undoped and 4.8% Mn-doped CsPbI3 NCs dispersed in toluene, reproduced with permission from Mir et al.,
Nanoscale 11, 4278 (2019). Copyright 2019 The Royal Society of Chemistry.

distortion of perovskite structures, which is defined as t = rA+r0√
2(rB+r0) ,

where rA is the radius of the A-site cation, rB is the radius of the B-
site cation, and r0 is the radius of the anion) and therefore improve
the crystal stability. However, replacing Pb (II) with Sb (III) ions could
lead to severe charge imbalance. The steady-state absorption and PL
exhibited an apparent redshift by increasing Sb3+ concentration. The
time-resolved PL measurements show that the PL lifetime of Sb3+-
doped CsPbI3 NCs increased relative to the pristine NCs, but still
within the same nanosecond order. The PLQY of the doped CsPbI3
NCs (doping concentration ∼10%) was 83%, and this value was prac-
tically decreased by increasing the Sb3+ amount deviated from ∼10%.
DFT calculations suggested that upon Sb3+ ion incorporation, an
increase in the crystal cohesive energy and a decrease in the bandgap
were observed. Remarkably, the authors achieved a 9.4% power con-
version efficiency (PCE) by employing these doped NCs in solar cell
devices.

Mir et al. have recently studied the effect of postsynthetic Mn2+

doping on the surface and lattice energy of CsPbI3 NCs.80 They
found that Mn2+ ions can passivate the NC surface and restrict the
growth of the NCs and stabilize the black phase of CsPbI3 NCs.
Therefore, the postsynthetic Mn-doped NCs showed improved PL
ambient stability as compared to the undoped NCs [see Fig. 3(d)].
The time-resolved PL decays showed that a radiative lifetime was
about the same before and after doping, respectively, suggesting
that Mn-doping did not introduce any additional nonradiative decay
channels to the CsPbI3 NC host. Due to the large difference between
the Mn–I bond (283 kJ mol−1) and the Pb–I bond (194 kJ mol−1)
dissociation energies, the lattice contraction stabilizes the lattice and
the surface of Mn-doped NCs relative to the undoped NCs. It is
worth highlighting that different from the cases of CsPbCl3 and
CsPbBr3 NCs, the energy transfer into the d-states of Mn2+ from
the host would not occur and there is no emission from Mn2+
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ions in the doped CsPbI3 NCs because the Mn d-d transient
energy level (∼2.12 eV) is higher than the bandgap of CsPbI3 NCs
(∼1.8 eV).

Very recently, Guvenc et al. studied the effects of Gd3+ doping
on the optical properties and the phase stability of α-CsPbI3 NCs.
Since the ionic radius of the Gd3+ ion (93 pm) is smaller than that of
the Pb2+ ion (119 pm), Gd3+ incorporation into the perovskite lattice
increased the Goldschmidt tolerance factor of the CsPbI3 crystal and
accordingly led to a more stable perovskite structure.81 The authors
attributed the prolonged phase stability to several factors, such as (i)
increased tolerance factor of the perovskite structure, (ii) distorted
cubic symmetry, and (iii) decreased defect density in nanocrys-
tals. Interestingly, Gd3+ doping (10 mol. %) of α-CsPbI3 led to an
increase in both the PLQY from 70% to 80% and the fluorescence
lifetime from 47.4 ns to 64.4 ns, which stem from the promoted
radiative recombination due to the reduced defect state density. In
addition, similar to the Sb3+ doping case,79 the DFT calculations
revealed that Gd3+ doping increases the cohesive energy per atom
from 3.22 eV to 3.32 eV for neat and Gd-doped CsPbI3, respec-
tively, which indicates that the formation of Gd3+-doped CsPbI3
NCs is more favorable than neat CsPbI3 NCs. Moreover, the elec-
tronic band structure of Gd-doped CsPbI3 crystals showed an n-type
semiconductor behavior without any substantial modifications in
the band structure.

D. Understanding the doping effects of perovskite
nanocrystals by density functional theory (DFT)
calculations

Several theoretical tools, especially density functional theory
(DFT), have been used to understand the doping mechanisms and
their relationship to the optical properties in inorganic perovskite
materials at the atomic level. For CsPbCl3, Chen et al. have found
that in the case of Ca2+ and Sr2+doped CsPbCl3 NCs,65 (i) com-
pared to foreign atoms (dopant ions), Pb2+ atoms are involved at
an early stage of NC formation; (ii) once the NCs were formed, the
Pb2+ atoms were depleted and uncoordinated surface atoms were
generated; and (iii) since the Ca2+ ions were abundant in the solu-
tion, the Ca2+ ions can strongly attach to the surface of NCs because
of the large bond dissociation energy of Ca–Cl (409 kJ/mol). The
authors also suggested that Ca2+ (or Sr2+) isovalently occupies the
Pb2+ crystallographic sites, resulting in the formation of a passiva-
tion layer at the NC’s surface, as was concluded from XPS mea-
surements. The formation of such a layer decreases the concentra-
tion of point defects caused by uncoordinated constituent atoms at
the NC’s surface (e.g., the uncoordinated Pb2+ ions) as shown in
Fig. 4(a), leading to the improved short-range order of the lattice
as suggested by EXAFS measurements. However, for the larger alka-
line earth metal ions, such as Ba2+, the bond dissociation energy of
Ba–Cl (443 kJ/mol) is so large that the Ba2+ ions can enter the lat-
tice of NCs even at the early stage of NC growth. Although, due to
Ba2+ having a larger ionic radius than Pb2+ (135 pm vs 119 pm),
doping of Ba2+ ions can increase the local strain of the lattice, giv-
ing rise to a higher probability of forming atomic point defects as
suggested by DFT calculations. Such structural defects may further
trigger the incorporation of more Ba2+ ions into NCs, thus leading
to the successful doping of Ba2+ in the core region as well as fur-
ther lattice expansion. Therefore, the PLQY of Ba2+-CsPbCl3 NCs

is very low. Different from the case of Ba2+ dopants, which can
introduce deep trap states that quench the PL of CsPbCl3 NCs,
Modal et al. have shown that both Cd2+ and Cl− play a signifi-
cant role in suppressing the halide vacancies by using CdCl2 for
increasing the PLQY. In addition, De et al. have attributed the
high PLQY of Cu+-doped CsPbCl3 NCs to the suppression of car-
rier trapping and showed that the majority of the carriers follow
a longer recombination time as indicated by transient absorption
measurements.

Yong et al. achieved a near-unity PLQY by doping Ni2+ ions
into CsPbCl3, and their experimental results suggest that the doping
of Ni2+ ions can substantially suppress the formation of structural
defects such as chloride vacancies and results in improved short-
range order of the perovskite lattice and more ordered lattice.63

Their DFT calculations revealed that Ni2+-doped CsPbCl3 NCs show
a much larger defect formation energy of Pb vacancy (VPb) than
those of VCl and VCs, suggesting that VCl and VCs could be the dom-
inant defects in CsPbCl3 NCs and Ni doping into CsPbCl3 favors
the suppression of those defects. It is worth mentioning that VCl and
Ni-VCl can introduce deep defect levels, which act as carrier trapping
centers for nonradiative recombination [Fig. 4(b)].

For CsPbBr3 NCs, Li et al. have explained the PL enhance-
ment and the higher PLQY in the Na+-doped CsPbBr3 NCs due
to the decrease in the carrier trapping centers.55 Their DFT cal-
culations suggested that the formation energy of the antisite NaPb
defect is the lowest regardless of the position of the Fermi level.
Moreover, when the Fermi level is close to the conduction band
minimum (CBM), the formation energy of the NaPb defect is still
the lowest among all the studied defects. The formation energy cal-
culations demonstrate that NaPb is the dominant defect in Na+-
doped orthorhombic-phase CsPbBr3. To understand the mechanism
of the enhanced band-edge emission in the case of Ce3+ ions doping,
Yao et al. have conducted femtosecond transient absorption mea-
surements to study the ultrafast exciton dynamics of Ce3+ doped
and undoped samples.50 They found that the Ce3+ ions can intro-
duce a new band-edge state near the conduction band, leading to
the increase in the lowest excitonic state density, facilitating the cou-
pling between the higher-lying excitonic states and the lowest exci-
tonic state as well as the coupling between the lowest excitonic state
and the bandgap trap states. In addition, in our DFT calculations,
the calculated doping charge transition levels suggest that most of
the Ce3+ dopant related defects could form the shallow transition
levels within the bandgap in both cubic-phase and orthorhombic-
phase Ce3+-doping CsPbBr3.82 These shallow levels can preserve
the bulk electronic structure and do not degrade the optoelectronic
properties. From the projected density of states (PDOSs) for cubic-
phase CsPbBr3 after introducing the antisite CePb and interstitial Cei
dopants, we found that (i) for pristine CsPbBr3, the valence band
maximum (VBM) and CBM of CsPbBr3 are mainly composed of
Br-4p, Pb-6s, and Pb-6p orbitals and show delocalized electronic dis-
tributions; (ii) upon Ce3+ doping, the bandgaps of CsPbBr3 in both
phases remain almost unchanged after introducing the Ce3+ ions at
the Pb2+ site, and the charge densities for the CBM retain the delocal-
ized feature; and (iii) the interstitial Ce3+ has a small contribution to
the conduction band edge in the PDOS of cubic-phase CsPbBr3, and
the same electronic feature can be found in the orthorhombic case
with an interstitial Ce3+. Therefore, we have confirmed that Ce3+

can be doped into CsPbBr3 NCs without introducing additional trap
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FIG. 4. (a) Schematic illustration of the passivation and doping models for Ca2+-doped or Sr2+-doped CsPbCl3 NCs and Ba2+-doped CsPbCl3 NCs, reprinted with permission
from Chen et al., Chem. Mater. 31, 3974 (2019). Copyright 2019 American Chemical Society; (b) the defect levels for both pristine and doped CsPbCl3 (the red and blue lines
represent the highest defect level under the Fermi level and the lowest defect level above the Fermi level, respectively), reprinted with permission from Yong et al., J. Am.
Chem. Soc. 140, 9942 (2018). Copyright 2018 American Chemical Society; and (c) the doping charge-transition levels for CeBr, CePb, CeCs, and Cei in the cubic-phase and
orthorhombic-phase of CsPbBr3 and the PDOS for the Ce3+ dopants at Pb2+ sites and Ce3+ interstitial sites in both cubic-phase and orthorhombic-phase CsPbBr3 supercells
calculated at the HSE + SOC level of theory (the insets show the electronic charge densities at the CBM after Ce3+ doping, where the valence band maximum is set at zero
energy), reprinted with permission from Yin et al., ACS Energy Lett. 4, 789 (2019). Copyright 2019 American Chemical Society.

states and can slightly increase the electron density in the conduction
band, which modulates the exciton relaxation and recombination of
CsPbBr3 NCs.

In the case of CsPbI3 NCs, Bera et al. have highlighted that Sb3+

doped CsPbI3 showed an increase in the cohesive energy along with
a decrease in the bandgap due to Sb incorporation based on the DFT
calculations.79 Lu et al. have also highlighted that the mechanism for
the PL enhancement in Sr-doped CsPbI3 NCs is due to the reduc-
tion of surface defects when using SrCl2 as a coprecursor.66 When
using SrCl2 as dopants, the surface of CsPbI3 NCs becomes enriched
with Cl−, which eventually passivates the uncoordinated Pb atoms,
resulting in the increased PLQY and PL lifetime.

In summary, with the help of the DFT calculations, sev-
eral aspects of the doping effects in CsPbX3 NCs can be reason-
ably explained from atomic level interactions. From the calculated
dopant formation energies, we can predict the probable atomic posi-
tions of metal ion dopants; the dopants can occupy the Cs, Pb, or

halide sites if they have small intersite formation energies; otherwise,
they can act as interstitials in the perovskite host. For the former
case, we need to further determine the charge transition levels of
dopants so that we can predict whether the dopants introduce trap
states that quench the PL or increase the conduction band states,
thereby enhancing the PL. In the case of interstitial substitution, on
the other hand, significant energy transfer from the perovskite host
to the dopants can promote the emission from dopants instead of
the perovskite host.

II. CONCLUSION AND REMARKS
Despite the great promise that perovskite NCs hold for light

emission applications and optoelectronic devices, optimizing the
perovskite material’s quality and stability remains as major imped-
iments. Doping the perovskite NC lattice with metal ions presents
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a viable approach to overcome those impediments. The near-unity
PLQY was achieved in several cases after metal ion doping as a result
of the effective suppression of the defect states within the host NCs as
well as on their surface. However, several outstanding issues need to
be addressed before the full potential of doping strategies is realized,
including (i) the precise atomic positions and distribution of metal
ion dopants inside the perovskite lattice are still poorly understood.
For instance, it has been reported that some dopants can induce
deep trap state levels while others merely introduce shallow defect
states. In this case, high-level DFT calculations (e.g., the combina-
tion of spin-orbit couplings and hybrid functionals) are needed to
accurately predict the formation energies and charge transition lev-
els of the dopants in the host; (ii) the energy transfer and energy level
alignment between the perovskite nanocrystal host and metal ion
guest need to be further explored and deciphered in order to under-
stand the observed PL quenching or enhancement in the same mate-
rials when different metal ion dopants are used; and (iii) although
a near-unity PLQY in perovskite NCs can be achieved upon metal
ion doping in the solution, it is still challenging to obtain spin-
coated thin films of perovskite NCs with a high PLQY and practical
thermal-stability and photo-stability. The effect of dopants on the
morphology of NC thin films should be accorded more attention.
Moreover, a proper surface treatment of the doped perovskite NCs
may help us to further improve the quality of their thin films and
facilitate the fabrication of higher efficiency devices.

ACKNOWLEDGMENTS
The authors acknowledge funding support from KAUST.

REFERENCES
1L. Protesescu, S. Yakunin, M. I. Bodnarchuk, F. Krieg, R. Caputo, C. H. Hendon,
R. X. Yang, A. Walsh, and M. V. Kovalenko, Nano Lett. 15, 3692 (2015).
2F. Liu, Y. Zhang, C. Ding, S. Kobayashi, T. Izuishi, N. Nakazawa, T. Toyoda,
T. Ohta, S. Hayase, T. Minemoto, K. Yoshino, S. Dai, and Q. Shen, ACS Nano 11,
10373 (2017).
3Q. A. Akkerman, V. D’Innocenzo, S. Accornero, A. Scarpellini, A. Petrozza,
M. Prato, and L. Manna, J. Am. Chem. Soc. 137, 10276 (2015).
4Q. A. Akkerman, G. Rainò, M. V. Kovalenko, and L. Manna, Nat. Mater. 17, 394
(2018).
5J. Shamsi, A. S. Urban, M. Imran, L. De Trizio, and L. Manna, Chem. Rev. 119,
3296 (2019).
6M. V. Kovalenko, L. Protesescu, and M. I. Bodnarchuk, Science 358, 745 (2017).
7F. Zhang, H. Zhong, C. Chen, X.-g. Wu, X. Hu, H. Huang, J. Han, B. Zou, and
Y. Dong, ACS Nano 9, 4533 (2015).
8J.-P. Ma, J. Yin, Y.-M. Chen, Q. Zhao, Y. Zhou, H. Li, Y. Kuroiwa, C. Moriyoshi,
Z.-Y. Li, O. M. Bakr, O. F. Mohammed, and H.-T. Sun, ACS Mater. Lett. 1, 185
(2019).
9A. Swarnkar, R. Chulliyil, V. K. Ravi, M. Irfanullah, A. Chowdhury, and A. Nag,
Angew. Chem., Int. Ed. 54, 15424 (2015).
10Q. A. Akkerman, M. Gandini, F. Di Stasio, P. Rastogi, F. Palazon, G. Bertoni, J.
M. Ball, M. Prato, A. Petrozza, and L. Manna, Nat. Energy 2, 16194 (2016).
11J. B. Hoffman, G. Zaiats, I. Wappes, and P. V. Kamat, Chem. Mater. 29, 9767
(2017).
12E. M. Sanehira, A. R. Marshall, J. A. Christians, S. P. Harvey, P. N. Ciesielski,
L. M. Wheeler, P. Schulz, L. Y. Lin, M. C. Beard, and J. M. Luther, Sci. Adv. 3,
eaao4204 (2017).
13A. O. El-Ballouli, O. M. Bakr, and O. F. Mohammed, Chem. Mater. 31, 6387
(2019).

14F. Yan, J. Xing, G. Xing, L. Quan, S. T. Tan, J. Zhao, R. Su, L. Zhang, S. Chen,
Y. Zhao, A. Huan, E. H. Sargent, Q. Xiong, and H. V. Demir, Nano Lett. 18, 3157
(2018).
15X. Du, G. Wu, J. Cheng, H. Dang, K. Ma, Y.-W. Zhang, P.-F. Tan, and S. Chen,
RSC Adv. 7, 10391 (2017).
16S. T. Ochsenbein, F. Krieg, Y. Shynkarenko, G. Rainò, and M. V. Kovalenko,
ACS Appl. Mater. Interfaces 11, 21655 (2019).
17J. Pan, L. N. Quan, Y. Zhao, W. Peng, B. Murali, S. P. Sarmah, M. Yuan,
L. Sinatra, N. M. Alyami, J. Liu, E. Yassitepe, Z. Yang, O. Voznyy, R. Comin,
M. N. Hedhili, O. F. Mohammed, Z. H. Lu, D. H. Kim, E. H. Sargent, and
O. M. Bakr, Adv. Mater. 28, 8718 (2016).
18J. Li, L. Xu, T. Wang, J. Song, J. Chen, J. Xue, Y. Dong, B. Cai, Q. Shan, B. Han,
and H. Zeng, Adv. Mater. 29, 1603885 (2017).
19J. Song, J. Li, X. Li, L. Xu, Y. Dong, and H. Zeng, Adv. Mater. 27, 7162 (2015).
20J. Pan, Y. Shang, J. Yin, M. De Bastiani, W. Peng, I. Dursun, L. Sinatra, A. M.
El-Zohry, M. N. Hedhili, A.-H. Emwas, O. F. Mohammed, Z. Ning, and
O. M. Bakr, J. Am. Chem. Soc. 140, 562 (2018).
21X. Zheng, Y. Hou, H.-T. Sun, O. F. Mohammed, E. H. Sargent, and O. M. Bakr,
J. Phys. Chem. Lett. 10, 2629 (2019).
22S. Yakunin, L. Protesescu, F. Krieg, M. I. Bodnarchuk, G. Nedelcu, M. Humer,
G. De Luca, M. Fiebig, W. Heiss, and M. V. Kovalenko, Nat. Commun. 6, 8056
(2015).
23S. W. Eaton, M. Lai, N. A. Gibson, A. B. Wong, L. Dou, J. Ma, L.-W. Wang,
S. R. Leone, and P. Yang, Proc. Natl. Acad. Sci. U. S. A. 113, 1993 (2016).
24Y. Wang, X. Li, J. Song, L. Xiao, H. Zeng, and H. Sun, Adv. Mater. 27, 7101
(2015).
25R. Su, C. Diederichs, J. Wang, T. C. H. Liew, J. Zhao, S. Liu, W. Xu, Z. Chen, and
Q. Xiong, Nano Lett. 17, 3982 (2017).
26G. H. Ahmed, J. K. El-Demellawi, J. Yin, J. Pan, D. B. Velusamy, M. N. Hedhili,
E. Alarousu, O. M. Bakr, H. N. Alshareef, and O. F. Mohammed, ACS Energy Lett.
3, 2301 (2018).
27M. Gong, R. Sakidja, R. Goul, D. Ewing, M. Casper, A. Stramel, A. Elliot, and J.
Z. Wu, ACS Nano 13, 1772 (2019).
28L. Dou, Y. Yang, J. You, Z. Hong, W.-H. Chang, G. Li, and Y. Yang, Nat.
Commun. 5, 5404 (2014).
29C. T. Trinh, D. N. Minh, K. J. Ahn, Y. Kang, and K.-G. Lee, ACS Photonics 5,
4937 (2018).
30H. Utzat, W. Sun, A. E. K. Kaplan, F. Krieg, M. Ginterseder, B. Spokoyny,
N. D. Klein, K. E. Shulenberger, C. F. Perkinson, M. V. Kovalenko, and M.
G. Bawendi, Science 363, 1068 (2019).
31Q. Chen, J. Wu, X. Ou, B. Huang, J. Almutlaq, A. A. Zhumekenov, X. Guan,
S. Han, L. Liang, Z. Yi, J. Li, X. Xie, Y. Wang, Y. Li, D. Fan, D. B. L. Teh, A. H. All,
O. F. Mohammed, O. M. Bakr, T. Wu, M. Bettinelli, H. Yang, W. Huang, and
X. Liu, Nature 561, 88 (2018).
32Y. Zhang, R. Sun, X. Ou, K. Fu, Q. Chen, Y. Ding, L.-J. Xu, L. Liu, Y. Han, A.
V. Malko, X. Liu, H. Yang, O. M. Bakr, H. Liu, and O. F. Mohammed, ACS Nano
13, 2520 (2019).
33I. Dursun, C. Shen, M. R. Parida, J. Pan, S. P. Sarmah, D. Priante, N. Alyami,
J. Liu, M. I. Saidaminov, M. S. Alias, A. L. Abdelhady, T. K. Ng, O. F. Mohammed,
B. S. Ooi, and O. M. Bakr, ACS Photonics 3, 1150 (2016).
34F. Zhang, J. Song, B. Han, T. Fang, J. Li, and H. Zeng, Small Methods 2, 1700382
(2018).
35Q. Zhou, Z. Bai, W.-g. Lu, Y. Wang, B. Zou, and H. Zhong, Adv. Mater. 28, 9163
(2016).
36A. Buin, P. Pietsch, J. Xu, O. Voznyy, A. H. Ip, R. Comin, and E. H. Sargent,
Nano Lett. 14, 6281 (2014).
37P. Liu, W. Chen, W. Wang, B. Xu, D. Wu, J. Hao, W. Cao, F. Fang, Y. Li, Y. Zeng,
R. Pan, S. Chen, W. Cao, X. W. Sun, and K. Wang, Chem. Mater. 29, 5168 (2017).
38D. P. Nenon, K. Pressler, J. Kang, B. A. Koscher, J. H. Olshansky, W.
T. Osowiecki, M. A. Koc, L.-W. Wang, and A. P. Alivisatos, J. Am. Chem. Soc.
140, 17760 (2018).
39H. Cho, S.-H. Jeong, M.-H. Park, Y.-H. Kim, C. Wolf, C.-L. Lee, J. H. Heo,
A. Sadhanala, N. Myoung, S. Yoo, S. H. Im, R. H. Friend, and T.-W. Lee, Science
350, 1222 (2015).

J. Chem. Phys. 152, 020902 (2020); doi: 10.1063/1.5131807 152, 020902-9

Published under license by AIP Publishing

https://scitation.org/journal/jcp
https://doi.org/10.1021/nl5048779
https://doi.org/10.1021/acsnano.7b05442
https://doi.org/10.1021/jacs.5b05602
https://doi.org/10.1038/s41563-018-0018-4
https://doi.org/10.1021/acs.chemrev.8b00644
https://doi.org/10.1126/science.aam7093
https://doi.org/10.1021/acsnano.5b01154
https://doi.org/10.1021/acsmaterialslett.9b00128
https://doi.org/10.1002/anie.201508276
https://doi.org/10.1038/nenergy.2016.194
https://doi.org/10.1021/acs.chemmater.7b03751
https://doi.org/10.1126/sciadv.aao4204
https://doi.org/10.1021/acs.chemmater.9b01268
https://doi.org/10.1021/acs.nanolett.8b00789
https://doi.org/10.1039/c6ra27665b
https://doi.org/10.1021/acsami.9b02472
https://doi.org/10.1002/adma.201600784
https://doi.org/10.1002/adma.201603885
https://doi.org/10.1002/adma.201502567
https://doi.org/10.1021/jacs.7b10647
https://doi.org/10.1021/acs.jpclett.9b00689
https://doi.org/10.1038/ncomms9056
https://doi.org/10.1073/pnas.1600789113
https://doi.org/10.1002/adma.201503573
https://doi.org/10.1021/acs.nanolett.7b01956
https://doi.org/10.1021/acsenergylett.8b01441
https://doi.org/10.1021/acsnano.8b07850
https://doi.org/10.1038/ncomms6404
https://doi.org/10.1038/ncomms6404
https://doi.org/10.1021/acsphotonics.8b01130
https://doi.org/10.1126/science.aau7392
https://doi.org/10.1038/s41586-018-0451-1
https://doi.org/10.1021/acsnano.8b09484
https://doi.org/10.1021/acsphotonics.6b00187
https://doi.org/10.1002/smtd.201700382
https://doi.org/10.1002/adma.201602651
https://doi.org/10.1021/nl502612m
https://doi.org/10.1021/acs.chemmater.7b00692
https://doi.org/10.1021/jacs.8b11035
https://doi.org/10.1126/science.aad1818


The Journal
of Chemical Physics PERSPECTIVE scitation.org/journal/jcp

40H. Huang, M. I. Bodnarchuk, S. V. Kershaw, M. V. Kovalenko, and A. L. Rogach,
ACS Energy Lett. 2, 2071 (2017).
41Y. Zhou, J. Chen, O. M. Bakr, and H.-T. Sun, Chem. Mater. 30, 6589
(2018).
42F. Krieg, S. T. Ochsenbein, S. Yakunin, S. ten Brinck, P. Aellen, A. Süess,
B. Clerc, D. Guggisberg, O. Nazarenko, Y. Shynkarenko, S. Kumar, C.-J. Shih,
I. Infante, and M. V. Kovalenko, ACS Energy Lett. 3, 641 (2018).
43J. De Roo, M. Ibáñez, P. Geiregat, G. Nedelcu, W. Walravens, J. Maes, J.
C. Martins, I. Van Driessche, M. V. Kovalenko, and Z. Hens, ACS Nano 10, 2071
(2016).
44L. Wu, Q. Zhong, D. Yang, M. Chen, H. Hu, Q. Pan, H. Liu, M. Cao, Y. Xu,
B. Sun, and Q. Zhang, Langmuir 33, 12689 (2017).
45M. I. Bodnarchuk, S. C. Boehme, S. ten Brinck, C. Bernasconi, Y. Shynkarenko,
F. Krieg, R. Widmer, B. Aeschlimann, D. Günther, M. V. Kovalenko, and
I. Infante, ACS Energy Lett. 4, 63 (2019).
46J. Y. Woo, Y. Kim, J. Bae, T. G. Kim, J. W. Kim, D. C. Lee, and S. Jeong, Chem.
Mater. 29, 7088 (2017).
47M. Imran, V. Caligiuri, M. Wang, L. Goldoni, M. Prato, R. Krahne, L. De Trizio,
and L. Manna, J. Am. Chem. Soc. 140, 2656 (2018).
48Y. C. Cao, Science 332, 48 (2011).
49M. Shim, C. Wang, D. J. Norris, and P. Guyot-Sionnest, MRS Bull. 26, 1005
(2012).
50J.-S. Yao, J. Ge, B.-N. Han, K.-H. Wang, H.-B. Yao, H.-L. Yu, J.-H. Li, B.-S. Zhu,
J.-Z. Song, C. Chen, Q. Zhang, H.-B. Zeng, Y. Luo, and S.-H. Yu, J. Am. Chem.
Soc. 140, 3626 (2018).
51S. Das Adhikari, A. K. Guria, and N. Pradhan, J. Phys. Chem. Lett. 10, 2250
(2019).
52Y. Zhou, Z. Zhou, M. Chen, Y. Zong, J. Huang, S. Pang, and N. P. Padture,
J. Mater. Chem. A 4, 17623 (2016).
53A. Swarnkar, V. K. Ravi, and A. Nag, ACS Energy Lett. 2, 1089 (2017).
54A. De, S. Das, N. Mondal, and A. Samanta, ACS Mater. Lett. 1, 116 (2019).
55S. Li, Z. Shi, F. Zhang, L. Wang, Z. Ma, D. Yang, Z. Yao, D. Wu, T.-T. Xu,
Y. Tian, Y. Zhang, C. Shan, and X. J. Li, Chem. Mater. 31, 3917 (2019).
56W. van der Stam, J. J. Geuchies, T. Altantzis, K. H. W. van den Bos, J.
D. Meeldijk, S. Van Aert, S. Bals, D. Vanmaekelbergh, and C. de Mello Donega,
J. Am. Chem. Soc. 139, 4087 (2017).
57D. Gao, B. Qiao, Z. Xu, D. Song, P. Song, Z. Liang, Z. Shen, J. Cao, J. Zhang, and
S. Zhao, J. Phys. Chem. C 121, 20387 (2017).
58K. Xing, X. Yuan, Y. Wang, J. Li, Y. Wang, Y. Fan, L. Yuan, K. Li, Z. Wu, H. Li,
and J. Zhao, J. Phys. Chem. Lett. 10, 4177 (2019).
59D. Parobek, B. J. Roman, Y. Dong, H. Jin, E. Lee, M. Sheldon, and D. H. Son,
Nano Lett. 16, 7376 (2016).
60S. Das Adhikari, S. K. Dutta, A. Dutta, A. K. Guria, and N. Pradhan, Angew.
Chem., Int. Ed. 56, 8746 (2017).

61T. J. Milstein, K. T. Kluherz, D. M. Kroupa, C. S. Erickson, J. J. De Yoreo, and
D. R. Gamelin, Nano Lett. 19, 1931 (2019).
62G. Pan, X. Bai, D. Yang, X. Chen, P. Jing, S. Qu, L. Zhang, D. Zhou, J. Zhu,
W. Xu, B. Dong, and H. Song, Nano Lett. 17, 8005 (2017).
63Z.-J. Yong, S.-Q. Guo, J.-P. Ma, J.-Y. Zhang, Z.-Y. Li, Y.-M. Chen, B.-B. Zhang,
Y. Zhou, J. Shu, J.-L. Gu, L.-R. Zheng, O. M. Bakr, and H.-T. Sun, J. Am. Chem.
Soc. 140, 9942 (2018).
64N. Mondal, A. De, and A. Samanta, ACS Energy Lett. 4, 32 (2019).
65J.-K. Chen, J.-P. Ma, S.-Q. Guo, Y.-M. Chen, Q. Zhao, B.-B. Zhang, Z.-Y. Li,
Y. Zhou, J. Hou, Y. Kuroiwa, C. Moriyoshi, O. M. Bakr, J. Zhang, and H.-T. Sun,
Chem. Mater. 31, 3974 (2019).
66M. Lu, X. Zhang, Y. Zhang, J. Guo, X. Shen, W. W. Yu, and A. L. Rogach, Adv.
Mater. 30, 1804691 (2018).
67R. Begum, M. R. Parida, A. L. Abdelhady, B. Murali, N. M. Alyami, G.
H. Ahmed, M. N. Hedhili, O. M. Bakr, and O. F. Mohammed, J. Am. Chem. Soc.
139, 731 (2017).
68M. Liu, G. Zhong, Y. Yin, J. Miao, K. Li, C. Wang, X. Xu, C. Shen, and H. Meng,
Adv. Sci. 4, 1700335 (2017).
69S. Zhou, Y. Ma, G. Zhou, X. Xu, M. Qin, Y. Li, Y.-J. Hsu, H. Hu, G. Li, N. Zhao,
J. Xu, and X. Lu, ACS Energy Lett. 4, 534 (2019).
70R. D. Shannon, Acta Crystallogr. A 32, 751 (1976).
71H. Yang, Y. Zhang, J. Pan, J. Yin, O. M. Bakr, and O. F. Mohammed, Chem.
Mater. 29, 8978 (2017).
72S. Zou, Y. Liu, J. Li, C. Liu, R. Feng, F. Jiang, Y. Li, J. Song, H. Zeng, M. Hong,
and X. Chen, J. Am. Chem. Soc. 139, 11443 (2017).
73X. Zhang, H. Wang, Y. Hu, Y. Pei, S. Wang, Z. Shi, V. L. Colvin, S. Wang,
Y. Zhang, and W. W. Yu, J. Phys. Chem. Lett. 10, 1750 (2019).
74A. Swarnkar, A. R. Marshall, E. M. Sanehira, B. D. Chernomordik, D. T. Moore,
J. A. Christians, T. Chakrabarti, and J. M. Luther, Science 354, 92 (2016).
75C. Wang, A. S. R. Chesman, and J. J. Jasieniak, Chem. Commun. 53, 232 (2017).
76S. Dastidar, D. A. Egger, L. Z. Tan, S. B. Cromer, A. D. Dillon, S. Liu, L. Kronik,
A. M. Rappe, and A. T. Fafarman, Nano Lett. 16, 3563 (2016).
77Q. A. Akkerman, D. Meggiolaro, Z. Dang, F. De Angelis, and L. Manna, ACS
Energy Lett. 2, 2183 (2017).
78X. Shen, Y. Zhang, S. V. Kershaw, T. Li, C. Wang, X. Zhang, W. Wang, D. Li,
Y. Wang, M. Lu, L. Zhang, C. Sun, D. Zhao, G. Qin, X. Bai, W. W. Yu, and A.
L. Rogach, Nano Lett. 19, 1552 (2019).
79S. Bera, D. Ghosh, A. Dutta, S. Bhattacharyya, S. Chakraborty, and N. Pradhan,
ACS Energy Lett. 4, 1364 (2019).
80W. J. Mir, A. Swarnkar, and A. Nag, Nanoscale 11, 4278 (2019).
81C. M. Guvenc, Y. Yalcinkaya, S. Ozen, H. Sahin, and M. M. Demir, J. Phys.
Chem. C 123, 24865 (2019).
82J. Yin, G. H. Ahmed, O. M. Bakr, J.-L. Brédas, and O. F. Mohammed, ACS
Energy Lett. 4, 789 (2019).

J. Chem. Phys. 152, 020902 (2020); doi: 10.1063/1.5131807 152, 020902-10

Published under license by AIP Publishing

https://scitation.org/journal/jcp
https://doi.org/10.1021/acsenergylett.7b00547
https://doi.org/10.1021/acs.chemmater.8b02989
https://doi.org/10.1021/acsenergylett.8b00035
https://doi.org/10.1021/acsnano.5b06295
https://doi.org/10.1021/acs.langmuir.7b02963
https://doi.org/10.1021/acsenergylett.8b01669
https://doi.org/10.1021/acs.chemmater.7b02669
https://doi.org/10.1021/acs.chemmater.7b02669
https://doi.org/10.1021/jacs.7b13477
https://doi.org/10.1126/science.1203702
https://doi.org/10.1557/mrs2001.257
https://doi.org/10.1021/jacs.7b11955
https://doi.org/10.1021/jacs.7b11955
https://doi.org/10.1021/acs.jpclett.9b00182
https://doi.org/10.1039/c6ta08699c
https://doi.org/10.1021/acsenergylett.7b00191
https://doi.org/10.1021/acsmaterialslett.9b00101
https://doi.org/10.1021/acs.chemmater.8b05362
https://doi.org/10.1021/jacs.6b13079
https://doi.org/10.1021/acs.jpcc.7b06929
https://doi.org/10.1021/acs.jpclett.9b01588
https://doi.org/10.1021/acs.nanolett.6b02772
https://doi.org/10.1002/anie.201703863
https://doi.org/10.1002/anie.201703863
https://doi.org/10.1021/acs.nanolett.8b05104
https://doi.org/10.1021/acs.nanolett.7b04575
https://doi.org/10.1021/jacs.8b04763
https://doi.org/10.1021/jacs.8b04763
https://doi.org/10.1021/acsenergylett.8b01909
https://doi.org/10.1021/acs.chemmater.9b00442
https://doi.org/10.1002/adma.201804691
https://doi.org/10.1002/adma.201804691
https://doi.org/10.1021/jacs.6b09575
https://doi.org/10.1002/advs.201700335
https://doi.org/10.1021/acsenergylett.8b02478
https://doi.org/10.1107/s0567739476001551
https://doi.org/10.1021/acs.chemmater.7b04161
https://doi.org/10.1021/acs.chemmater.7b04161
https://doi.org/10.1021/jacs.7b04000
https://doi.org/10.1021/acs.jpclett.9b00790
https://doi.org/10.1126/science.aag2700
https://doi.org/10.1039/c6cc08282c
https://doi.org/10.1021/acs.nanolett.6b00635
https://doi.org/10.1021/acsenergylett.7b00707
https://doi.org/10.1021/acsenergylett.7b00707
https://doi.org/10.1021/acs.nanolett.8b04339
https://doi.org/10.1021/acsenergylett.9b00787
https://doi.org/10.1039/c9nr00248k
https://doi.org/10.1021/acs.jpcc.9b05969
https://doi.org/10.1021/acs.jpcc.9b05969
https://doi.org/10.1021/acsenergylett.9b00209
https://doi.org/10.1021/acsenergylett.9b00209

