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ABSTRACT: CsPbBr3 quantum dots (QDs) have been recently suggested for
their application as bright green light-emitting diodes (LEDs); however, their
optical properties are yet to be fully understood and characterized. In this work,
we utilize time-dependent density functional theory to analyze the ground and
excited states of the CsPbBr3 clusters in the presence of various low formation
energy vacancy defects. Our study finds that the QD perovskites retain their
defect tolerance with limited perturbance to the simulated UV−vis spectra. The
exception to this general trend is that Br vacancies must be avoided, as they
cause molecular orbital localization, resulting in trap states and lower LED
performance. Blinking will likely still plague CsPbBr3 QDs, given that the
charged defects critically perturb the spectra via red-shifting and lower
absorbance. Our study provides insight into the tunability of CsPbBr3 QDs
optical properties by understanding the nature of the electronic excitations and
guiding improved development for high-performance LEDs.

Lead halide perovskites (LHPs) have emerged as a unique
material for various applications such as light-emitting

diodes (LEDs),1 photodetectors,2 and solar cells3,4 because of
their facile synthesis,5,6 convenient solution-based processing,
and low fabrication cost.7−10 More specifically, perovskite solar
cells have undergone an 11% increase in cell efficiencies in only
6 years, currently reaching a remarkable 25.2% power
conversion efficiency.3,4 Meanwhile perovskite LEDs have
increased to a photoluminescence quantum yield (PLQY) of
∼20% in 4 years,11−14 further substantiating their promise as a
possible candidate for high-performance optoelectronic
devices. The general composition for a halide perovskite
takes the form of ABX3, where A is a cation (typically a small
molecule such as methylammonium (MA) or formamidinium),
B is a secondary cation (typically lead (Pb) or tin (Sn)), and X
is a halogen (typically iodine(I), bromine (Br), or chlorine
(Cl)). The most popular prototype is the hybrid organic−
inorganic perovskite, MAPbI3, which has remarkable optoelec-
tronic properties.15−17 However, more recently all-inorganic
cesium LHP materials CsPbX3 (X = Cl, Br, I) have taken
center stage because of their higher thermal stability and lower
degradation rate when exposed to air compared to that for
hybrid perovskites.18−26

Given the promise shown by 3D bulk LHPs through
extensive studies, the focus has eventually shifted to low-
dimensional materials including two-dimensional (2D), one-
dimensional (1D), and zero-dimensional (0D) systems.27−33

Currently, significant effort has gone into the development and
characterization of LHP quantum dots (QDs) (0D systems)
with simple solution-based synthesis routes for LHP, such as

CsPbX3.
34,35 Similar to their 3D counterparts, LHP QDs have

beneficial optoelectronic properties, such as narrow full width
at half-maximum (FWHM) emission lines, high PLQY, and
tunable band gaps.36−38 These sustained properties allow for
continued promising applications in solar cells (∼17% power
conversion efficiency), LEDs (∼20% quantum yield), lasers,
and displays.39−42 Compared to its hybrid counterpart
MAPbX3, CsPbX3 QDs have a more controllable diameter
size and can easily achieve the full-spectrum light emission in
the visible spectrum range and a high fluorescence quantum
efficiency.35,38,42 LHP LED devices are also boasted because of
high mobility and increased color purity.43,44 However, these
QDs still suffer from the double-edge sword of solution-based
synthesis: it allows for rapid and facile synthesis yet
unfortunately results in unavoidable point defects.45,46 Thus,
it is critical to study the effects defects have on excited-state
properties of perovskite QDs. CsPbBr3 stands out as a
favorable model for a QDs study due to a high PLQY
(∼90%) with narrow FWHM superior to traditional CdSe-
based QDs, enhanced color purity, excellent batch-to-batch
reproducibility, and improvable thermal stability.47−50
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Although progress has been made into the characterizations
of LHP QDs,34,51−53 a thorough ab initio computational
investigation into the ground- and excited-state properties of
CsPbBr3 QDs is still lacking. In these low-dimension materials,
it is expected that photoluminescence (PL) originates from
excitation recombination rather than bimolecular recombina-
tion.54 Thus, understanding the nature of optical excitations
and electronic structure can help to guide the tunability of the
optoelectronic properties. This time-dependent density func-
tional theory (TD-DFT) investigation focuses on CsPbBr3
QDs in the presence of common low formation energy defects
such as Cs, Br, and Pb vacancies as well as its charge states (+1,
−1). Our systems were found to retain high-defect tolerance
for most of the modeled defects. However, Br vacancies break
this trend and severely affect the electronic structure, and thus
it is imperative to avoid Br-deficient conditions thereby
mitigating Br vacancies. Moreover, charge buildup will likely
continue the blinking effect observed in other QD systems.
The charge-neutral pristine CsPbBr3 perovskite nanocluster

model under consideration is visualized in Figure 1a, with two

unique terminated surfaces shown in Figure 1b (see the
Methods section for more details). While our model system is
smaller compared to experimentally investigated species
because of the numerical cost involved in modeling large
systems, we expect to have qualitatively similar excited-state
features of both pristine QD and its defected counterparts.55

We aim for a comprehensive computational investigation of
this nanocrystal in the presence of various defects. Only
charged vacancy defects are considered here to give a spin
multiplicity of 1 required for spin-allowed singlet−singlet
transitions. Table 1 provides a complete list of defects that we
have considered in this study. These defects are chosen for
their common appearance and low formation energy in bulk
CsPbBr3 perovskite material.45,56,57 Specifically, halide defects
have been shown time and again as the most readily produced
defect with the lowest formation energy, which has the
strongest effect on the electronic properties for CsPbX3
perovskites.45,56,57 Furthermore, we have also investigated

charged systems in the form of a singly positively charged (+1)
and negatively charged (−1) version of the neutral CsPbBr3
QD as a way to probe the blinking effect commonly observed
in semiconductor QDs.58−60 This large array of defects allows
us to properly review expected optical phenomena in
perovskite QDs.
A common experimental method for probing low-lying

energy states, such as the band gap, is ultraviolet−visible
spectroscopy (UV−vis). The lowest energy peak (i.e., the band
edge) observed in the UV−vis spectrum of a material can be
approximated by the calculated energy gap (EHL) being a
difference between the highest occupied molecular orbital
(HOMO)−lowest unoccupied molecular orbital (LUMO).61

However, a more accurate representation would come from
excited-state calculations typically done via TD-DFT method-
ology using hybrid functionals accounting for excitonic
effects.61,62 The Methods section outlines computational
methodologies used in this work. The first step is to analyze
optically allowed transitions. Given that the pristine and all
vacancy-containing QDs have a singlet ground state, here we
focus only on singlet−singlet transitions, assuming singlet-to-
triplet transitions as optically forbidden (when neglecting
spin−orbit interactions).
The UV−vis profile for the pristine CsPbBr3 nanocluster

composed of the first 15 singlet transitions is shown in Figure
2a with calculated band peaks at 4.78 and 4.80 eV.
Experimental band gaps for 4 nm highly stable and
reproducible QDs are around 2.75 eV.63,64 Additionally, the
smallest reported CsPbBr3 based QDs are ∼1.1 nm with a
more pronounced blue-shifted band gap of ∼2.86 eV.65 Our
nanoclusters having a cubic side length of ∼1.8 nm are within
experimentally viable sizes. The higher energy band gaps that
we report here are due to enhanced quantum confinement
effects, given that considered nanoclusters are generally smaller
than most experimentally stable sizes (greater than half in

Figure 1. (a) Charge neutral pristine CsPbBr3 nanocluster (3 × 3 × 3;
27-unit cell system), with Cs and Br terminated surface. (b) Unique
surfaces of a cluster. The uneven surface natively contains a Cs
vacancy.

Table 1. Modeled Defect Types and Their Location on the
CsPbBr3 Nanocluster
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size), and our functional choice (here CAM-B3LYP model; see
Methods section 1). The perturbative wave function methods
such as ACD(2)/CC(2) may be employed to check the
functional dependence of the band gap. While this may resolve
uncertainty on the functional dependence in the TD-DFT
approach for electronic transitions, we note that these methods
carry a significantly higher computational cost for these
methods, and there is a need to explore basis set dependence.
This suggests a detailed future comparative study that needs to
be performed for perovskite materials.
The blue-shift is caused by the quantum confinement effect

which occurs when the QDs are smaller than the exciton Bohr
radius of the material; namely, the CsPbBr3 QDs has a
reported Bohr radius of ∼7 nm.63,65−67 Thus, our small model
size experiences a strong quantum confinement effects which
significantly blue-shifts the band gap compared to available
experimental data. Although macrotuning of the band gap is
generally achieved from compositional engineering of the
perovskite (i.e., changing the halide ion), the ability to fine-
tune the band gap with cluster size is a positive feature of LHP
QDs for blue LED candidates.48,65,68

Computed UV−vis profiles of the vacancy defect for Cs1+,
Pb2+, and Br1− are shown in Figure 3. The various Cs defects
perturbed the spectra to a similar extent as seen by the
overlapping UV−vis profiles which are red-shifted when
compared to the first peak in the pristine system: Cseven (Δ
= −3.09 meV), Csfar uneven (Δ = −0.71 meV), and Csnear uneven
(Δ = −3.41 meV). Although the individual transition peaks
and oscillator strengths vary (see Supporting Information
section 2), the overall profile remains largely unchanged.
However, the break in the symmetry caused by the vacancies
results in the oscillator strengths being controlled by the orbital
overlap to a greater extent.69 Pb defects have a more
pronounced effect on the UV−vis profile, where the initial
peaks differ as follows: Pbeven (Δ = −63.77 meV), Pbuneven (Δ
= −54.90 meV), and PbCenter (Δ = −39.14 meV) (Figure 3b).
The Pb vacancy on an even surface introduces the largest
perturbation to the system as seen by the large red-shift in the
initial band peak and by the absorption peak which is 2 times
larger than that of the pristine system. The largest change to
the UV−vis profile is due to Br vacancies on either surface;
there is a large red-shift in the first band peak, Breven (Δ =
−566 meV) and Bruneven (Δ = −582 meV) (Figure 3c). This is
due to the lowering in the energy of the LUMO level caused by
a strong spatial localization onto the vacancy site (see NTO/
MO in Supporting Information section 4). Additionally, the Br

vacancy creates shallow defect levels in the LUMO consistent
with experimental bulk studies where halide vacancies create
trap states near the conduction band.45,56,57 As a continued

Figure 2. (a) Simulated UV−vis spectra of the pristine CsPbBr3 nanocluster representing 15 singlet transitions. The oscillator strengths for the
transitions are shown as black sticks capped with a cross (left scale). The resulting absorption profile is shown in the blue with the maximum peaks
highlighted by a vertical dashed line (4.78 and 4.80 eV) (right scale). (b) Density of states (DOS) of the pristine system highlighting contributing
atom types (here the vertical dashed line represents the HOMO level).

Figure 3. Simulated UV−vis spectra of the CsPbBr3 nanocluster with
defects calculated from the 15 lowest-energy singlet transitions: (a)
Cs defects, (b) Pb defects, and (c) Br defects. Here “E” represents a
defect from the even surface, and “U” represents a defect from the
uneven surface (see Table 1 for defect locations).
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testament to the extensively reported defect tolerance of
CsPbX3 perovskite materials,45,57 the various vacancy defects
have a minimal effect on the electronic properties of the
systems, apart from the Br vacancies.
Given the trap states caused by the Br vacancies and lack of

effect from Cs vacancies, it is best to synthesize these QD
materials in a Br-rich/Cs-poor environment to reduce
undesirable halide vacancies and promote increased perform-
ance.57 Trap states allow for nonradiative pathways to
dominate excitation radiative decay and reduce the desired
device performance.26 Although some of the modeled defects
lead to trap states, their effect on the nonadiabatic electron−
phonon coupling, decay, and dephasing times has yet to be
studied. Thus, the rates of nonradiative decays cannot be
accurately determined for the various modeled defects given
the current computational scope. However, nonadiabatic
molecular dynamic studies have been previously conducted
on the parent CsPbBr3 QD, which discusses methods for
controlling the electron−hole recombination.70−73 The
optimal conditions of the bulk CsPbBr3 and the formation
energy of defects have been previously reported and
completely align with our present results.45,57 This alludes to
the expected high performance of perovskite QDs for various
photoluminescent applications.
Quantum dots as a class have been reported to provide a

degraded performance when experiencing a blinking phenom-
enon, a fluctuation of photoluminescence (i.e., switching
between active and dark states).74−76 Blinking has been
explained through the charging model in which the fluctuation
is caused by photoionization and neutralization (i.e., a buildup
of either positive or negative charge causes reduced photo-
luminescence).74−76 This blinking effect can be probed by
modeling an ionic system (i.e., a system with a single positive
or negative charge) to provide insight into its continued effect
on the newer perovskite QDs. The UV−vis profile comparison

between the charge-neutral (pristine) and singly charged
systems (positively and negatively charged ion system) is
shown in Figure 4a. As expected, a charge buildup in the
system causes lower oscillator strengths in the observed
transitions; see individual transitions for charged systems in the
Supporting Information section 2. The UV−vis profiles of the
charged systems are 1 to 2 orders of magnitude lower than that
of the neutral system, with the negative charge under-
performing by a factor of 80 and the positive by a factor of
15. Note that both charged system spectra are significantly red-
shifted compared to that for the pristine system. This can be
attributed to the MO localization into the center of the system
as seen in Figure 4b,c. For the positively charged system, the
LUMO is a localized defect state and thus destabilizes the
orbital which raises in energy when compared to the HOMO
of the pristine system. In the negatively charged system, the
HOMO is a localized defect state and thus stabilizes the orbital
which lowers the energy when compared to the LUMO of the
pristine system This localization and energy reordering of the
orbitals result in a lower HOMO−LUMO gap of the charged
states (see Figure 4b,c), which in turn affect the calculated
UV−vis spectra. As the LUMO in the positive system is
destabilized by 2.35 eV, while the HOMO in the negative
system is stabilized by 4.28 eV, the positive system has a
greater overall red-shift in the absorption profile. Thus, it is
reasonable to expect blinking phenomena to be observed in
photoluminescence of perovskite quantum dots unless charge
stabilization would be achieved by, for instance, an appropriate
shell of surface agents. Thus, the implementation of conven-
tional mitigation strategies to reduce system charging of
traditional QDs will continue to benefit the new LHP
QDs.77−79 Note that recent spectroscopic studies have
extensively studied the excited-state charge distribution and
dynamics.80,81 These studies strongly suggest that charging of
perovskite QDs can substantially affect their absorption and

Figure 4. (a) UV−vis spectra comparison between the charged defects. (b) DOS of positively charged defect (resulting LUMO shown). (c) DOS
of negatively charged defect (resulting HOMO shown).
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emission profiles adversely. As we discussed here, our
simulations provide in-depth reasoning of the charging effect
at an atomistic level.
In summary, we have modeled several low-energy formation

defects as well as charge buildup in the model LHP CsPbBr3
nanocluster. True to its perovskite nature, our quantum dot
was found to retain defect tolerance, with the exceptions of Br
and charge defects. Therefore, defects that create localized
electronic states resulting in shallow or deep level trap states
open the system to nonradiative relaxation pathways.54,75,76

These nonradiative pathways dictate the “on/off” behavior and
lower photoluminescence. Consequently, it is vital to mitigate
the low formation energy defects which cause the considered
trap states in the material to optimize device performance.
Particularly, one should avoid halide vacancies which can be
reduced during the synthesis process in a halide-rich and/or
Cs-poor environment. Alternatively, there have been several
methods of surface passivation which improve charge carrier
delocalization79,82,83 and other methods that reduce vacancy
concentration.84,85 More generally, our results highlight
properties of defects that can affect the performance of devices
containing CsPbBr3 nanoparticles.
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