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adiative recombination in
intrinsically zero-dimensional perovskite micro-
crystals prepared by thermally-assisted solution-
phase synthesis†
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Christopher R. Hall, a Kenneth P. Ghiggino a and Trevor A. Smith *a

Zero-dimensional (0D) quantum confinement can be achieved in perovskite materials by the confinement

of electron and hole states to single PbX6
4� perovskite octahedra. In this work, 0D perovskite (Cs4PbBr6)

micro-crystals were prepared by a simple thermally-assisted solution method and thoroughly

characterized. The micro-crystals show a high level of crystallinity and a high photoluminescence

quantum yield of 45%. The radiative recombination coefficient of the 0D perovskite micro-crystals, 1.5 �
10�8 s�1 cm3, is two orders of magnitude higher than that of typical three-dimensional perovskite and is

likely a strong contributing factor to the high emission efficiency of 0D perovskite materials.

Temperature dependent luminescence measurements provide insight into the role of thermally-

activated trap states. Spatially resolved measurements on single 0D perovskite micro-crystals reveal

uniform photoluminescence intensity and emission decay behaviour suggesting the solution-based

fabrication method yields a high-quality and homogenous single-crystal material. Such uniform emission

reflects the intrinsic 0D nature of the material, which may be beneficial to device applications.
Introduction

Low-dimensional perovskite materials have considerable
potential for applications in optical devices due to the advan-
tages associated with the spatial connement of the excitons.
One way to achieve such connement is to reduce the particle
size to several nanometres, commonly referred to as quantum
dots.1–3 The main preparation methods of perovskite quantum
dots are hot injection or ligand-assisted anti-solvent precipita-
tion.4–6 The band gap and optical properties of these quantum
dots depend on their size. Perovskite quantum dots exhibit high
photoluminescence (PL) quantum efficiency (up to �90% for
the red and >50% in the violet spectral regions), which is
advantageous for potential luminescence applications such as
thin lm displays.7,8 However, in solid-state thin-lms, the PL
efficiency decreases dramatically owing to efficient non-
radiative recombination channels introduced by particle
aggregation and surface trap states. An alternative way to ach-
ieve quantum connement in perovskite materials is to reduce
the structural dimension.9–12 Zero-dimensional (0D) perovskites
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can be achieved by introducing structural barriers between the
octahedral units of PbBr6. The 0D structure of these perovskites
can extend over large (mm) areas, similar to bulk materials.10

Such structures have been shown to exhibit high PL efficiency
(up to 45%).12 However, the source of the luminescence in these
materials is still hotly debated. It has been suggested the
emission arises from a low density of CsPbBr3 impurities, while
others suggest that the luminescence originates from carriers
conned to 0D unit-cells with connement imposed by the
intrinsic 0D structure.13–17

In this work, we have synthesized 0D perovskite micro-
crystals by a simple thermally-assisted solution synthesis
method. The PL quantum efficiency of the 0D perovskite micro-
crystals reaches 45%. The radiative recombination coefficient of
the 0D perovskite material is almost two orders of magnitude
higher than that of the corresponding three-dimensional
perovskite. The increased exciton–phonon interactions origi-
nating from strong lattice vibrations at high temperature make
the PL spectrum broaden and blue shi, and the emission
lifetime increase. The high PL intensity at low temperature is
attributed to an increasing dominance of radiative recombina-
tion over non-radiative deactivation. Spatial and temporal PL
mapping of single 0D perovskite microcrystals reveals this
synthesis method yields high-quality microcrystals with
uniform and intense emission from intrinsic zero-dimensional
perovskites.
RSC Adv., 2020, 10, 43579–43584 | 43579
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Results and discussion

The fabrication procedures of zero-dimensional perovskite
micro-crystals are shown in Scheme 1. CsBr solution was added
to a glass substrate on a hot plate at 110 �C. When the solution
had evaporated to the saturated state, PbBr2 solution was
injected. The reaction was allowed to continue until the solvent
had evaporated completely. Detailed information about the
sample fabrication is provided in the ESI.†

Fig. 1a shows the crystalline structures for three-
dimensional (CsPbBr3) and zero-dimensional (PbBr6) perov-
skite materials. PbBr6 comprises isolated octahedral units that
do not share common halide atoms, serving to conne band-
edge excitons within these small units. Fig. 1b shows results
of X-ray diffraction (XRD) measurements, with the main specic
crystallization peaks marked, revealing the rhombohedral
phase of Cs4PbBr6 consistent with earlier reports (JCPDS no. 73-
2478).15,18,19 The scanning electron microscopy (SEM) image
(Fig. 1c) shows that the perovskite micro-crystals maintain
a regular cuboidal structure over several micrometres. The
energy-dispersive X-ray spectroscopy (EDS) mapping image
(Fig. 1d) shows that Cs, Pb and Br are distributed in the
perovskite crystals with a ratio of 23.8 : 5.9 : 35.2 (Fig. S1†),
which is in good agreement with the stoichiometry of Cs4PbBr6.
This result further veries the perovskite micro-crystals are
Cs4PbBr6. The high-resolution transmission electron micros-
copy (HRTEM) image (Fig. 1e) shows clear periodic lattice
fringes. The measured d-spacing of 0.69 nm matches well with
the (110) facets of Cs4PbBr6.14,17 The selected-area electron
diffraction (SAED) image (Fig. 1f) veries the single crystalline
rhombohedral nature of the perovskite micro-crystals.

The photoluminescence spectra collected at room tempera-
ture are shown in Fig. S2.† The PL peak of the perovskite micro-
crystals is at 2.38 eV. Intensity dependent measurements reveal
the PL intensity increases in a roughly logarithmic (negative
exponential) manner (inset, Fig. S2†) over several hundreds of
mW in excitation power with no spectral shi. The PL quantum
yield (QY) of the perovskite micro-crystals, measured in an
integrating sphere, is 45%. The QY measurement results are
shown in Fig. S3.†

Fig. 2 shows the time-resolved photoluminescence (TRPL)
proles of zero-dimensional perovskite micro-crystals at room
temperature. The emission is very long-lived, spanning 6 ms at
low excitation powers. As the excitation power is increased from
0.1 nJ cm�2 to 10 nJ cm�2 the timescale decreases signicantly,
with the signal decaying within 2 ms. The emission decays non-
exponentially, as is usual for perovskite materials.12,17 In this
Scheme 1 The fabrication procedure of zero-dimensional perovskite
micro-crystals.

43580 | RSC Adv., 2020, 10, 43579–43584
work the emission decay proles were analysed with a function
comprising a simple sum of exponential terms:

IðtÞ ¼
Xn

i¼1

Aie
�t=si (1)

The intensity weighted average lifetime20 is calculated using
the equation:

sm ¼
PN

i¼1

Aisi2

PN

i¼1

Aisi

(2)

where Ai is the amplitude coefficient for each decay time, si.
The average emission decay time can be assumed to be

proportional to the inverse of the sum of the rate constants for
radiative, kr, and non-radiative, knr, deactivation of the excited
state:

1

sm
¼ kr þ knr (3)

The radiative relaxation rate is assumed to be constant for
a given molecule, so the decreased average PL lifetime at higher
excitation intensity may be related to an increase in multi-body
interactions such as exciton–exciton annihilation.21,22 The high
density of excitons generated at the higher excitation intensity
can result in increased annihilation and non-radiative recom-
bination rates. The relationship between PL lifetime and carrier
density can be expressed as:23,24

sPL ¼ (A + Bradn0)
�1 (4)

where A is the monomolecular trapping rate, representative of
non-radiative recombination processes, and Brad is the radiative
recombination coefficient. The A (6.7 � 106 s�1) and Brad (¼(1.5
� 0.1) � 10�8 s�1 cm3) values were calculated by tting eqn (4)
to the experimental data, as shown in the inset of Fig. 2. The
radiative recombination coefficient B for zero-dimensional
perovskite is signicantly larger than that of comparable
three-dimensional perovskite materials.23,24 Such a large coeffi-
cient is mainly attributed to the connement of excitons within
the isolated PbBr6 units. At the same time, the monomolecular
trapping rate of 0D perovskite is lower than that of three-
dimensional perovskites.23 These factors contribute to the
high PLQY exhibited by 0D perovskite materials.

Temperature dependent PL spectra of perovskite micro-
crystals are shown in Fig. 3a. With increasing temperature,
the PL peak position blue-shis and its full width at half
maximum (FWHM) gradually broadens (Fig. 3b). Meanwhile,
the PL intensity decreases linearly, as shown in Fig. 3c. We
describe the photo-physical processes within perovskite micro-
crystals at different temperatures with the aid of the schematics
in Fig. 3d. Following photo-excitation, excitons relax to the
ground state through radiative or non-radiative pathways.
Phonon-assisted non-radiative recombination processes will be
restricted at low temperature owing to weak lattice vibrations.
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 (a) The crystalline structures of three-dimensional perovskite CsPbBr3 and zero-dimensional perovskite Cs4PbBr6. PbBr6 units are isolated
without sharing corners in Cs4PbBr6; (b) XRD; (c) SEM image; (d) EDS mapping image; (e) TEM image; and (f).

Fig. 2 PL decay dynamics under different excitation intensities. The
inset shows the PL intensity average emission lifetime as a function of
the excitation density for zero-dimensional perovskite micro-crystals.
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The radiative recombination mechanism plays the dominant
role, leading to the higher PL intensity, which is consistent with
previous reports.11,25,26 As the temperature is increased,
phonons are thermally activated and scatter the excitons,
broadening the exciton linewidth. Both acoustic and optical
photon scattering could cause the emission peak broadening.29

The increase in temperature also leads to an expansion of the
perovskite lattice, leading to a blue-shi in the exciton
bandgap.27,28 Some defects exist in perovskite crystals that can
capture excitons, leading to a decrease in PL intensity, which is
more prevalent at higher temperatures. However, the linear
variation of the FWHM with temperature indicates that the
scattering from ionized impurities does not play a dominant
role.29–31
This journal is © The Royal Society of Chemistry 2020
The temperature dependence of the TRPL of 0D perovskite
micro-crystals is shown in Fig. 3e. Unusually, the timescale of
the emission increases signicantly with increasing tempera-
ture, whereas the PL intensity decreases with increasing
temperature (Fig. 3c). Since fPL ¼ krs, these observations
suggest that the radiative recombination rate, kr, decreases
while knr increases disproportionally, as the temperature
increases. Fig. S4† shows that the TRPL is nearly independent of
the excitation intensity at 77 K. This behaviour suggests that the
excitons can radiatively recombine immediately without the
impact of additional non-radiative recombination mechanisms
such as exciton–exciton annihilation, even at high excitation
intensity. The radiative recombination pathway plays the
dominant role since the role of thermally activated trap-states is
negligible and phonon scattering of excitons is weakened at low
temperature, reducing the inuence of exciton non-radiative
recombination.25

Although the luminescence properties of zero-dimensional
perovskites have been examined in several previous studies,
the origin of the green emission from zero-dimensional Cs4-
PbBr6 materials continues to be debated. Several papers suggest
the green emission does not emanate from the zero-
dimensional material itself.31–38 Reasons leading to this
suggestion include; issues relating to the phase of the crystals
(e.g. CsPbBr3 4 Cs4PbBr6 phase transitions), trace-amounts of
CsPbBr3 as an impurity following synthesis, fast recombination
of excitons and defect induced emission (such as Br vacancies
or the presence of polybromides, self-trapped excitons, and
interstitial hydroxyl groups). Recent reviews by Mohammed and
co-workers38,39 discuss the various evidence, and the range of
techniques used to gain it, for the possible sources of this green
emission and suggests that it can be attributed to the existence
of three different kinds of Cs4PbBr6 materials (pure, defective
and hybrid).
RSC Adv., 2020, 10, 43579–43584 | 43581
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Fig. 3 (a) Temperature dependent PL spectra; (b) temperature dependent PL peak and FWHM; (c) the relationship between PL intensity and
temperature; (d) photo-physical processes at low or high temperature; and (e) temperature dependent TRPL decay profiles of perovskite micro-
crystals.

Fig. 4 (a) Confocal PL microscopy and (b) TREM images of perovskite
micro-crystals (sm, amplitude-average lifetime, calculated from a triple
exponential model); (c) PL decay profiles of a single perovskite micro-
crystal recovered from the TREM image.
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Themajority of reported PL spectra of thesematerials are not
spatially resolved. Similarly, the majority of the time-resolved
measurements of these materials,11,12,40–45 as summarised by
Akkerman et al.,32 report time-resolved PL data integrated over
a whole sample, or in some cases from entire single crystals.
Such large-area averaging would be insensitive to micrometre
sized structural defects or states at crystal boundaries which
may be present in these systems. Spatially and temporally
resolved optical measurements can provide new information on
the luminescence processes in micro-regions within these
systems. We have performed time-resolved emission micros-
copy (TREM) measurements on the zero-dimensional perov-
skite micro-crystals under discussion. The confocal PL intensity
image (Fig. 4a) demonstrates high crystalline uniformity within
each crystal since the entire exposed area of the crystals is
luminescent. This suggests that the emission originates from
the zero-dimensional perovskite itself, rather than a small
amount of localized CsPbBr3 impurities, at least on the spatial
scales resolvable with current TREM instrumentation. The
TREM image and the emission decay proles corresponding to
three typical regions in a single micro-crystal; the corner, the
edge, and the body centre (marked A, B, and C, respectively), are
shown in Fig. 4b and c. The decay proles are far from expo-
nential and were parameterized by tting with sums of 3–4
exponential terms, in the absence of a better t model. The
TREM image (Fig. 4b) displays an amplitude average lifetime
map calculated from a triple exponential model (limited by the
SPCImage soware used). The decay times, relative intensities,
and amplitude- and intensity-average emission lifetimes,20 sA
and sI, respectively, of the three regions analysed as a sum of
four exponential terms are listed in Table 1. The average PL
lifetimes in the corner region (A) of this particular micro-crystal
are slightly shorter than in the edge or body centre of the crystal
(regions B and C), but this is more marked in the intensity-
43582 | RSC Adv., 2020, 10, 43579–43584
average lifetimes. The variation in the average PL lifetimes
from the corner to the rest of the crystal is accounted for by
small contributions to the total PL of long-lived components
found in the bulk of the micro-crystal (Table 1).

Our ndings can be compared with previously reported
TREM measurements of smaller (�1–2 mm diameter) phase-
pure zero-dimensional Cs4PbBr6 particles17 where the uores-
cence was found to be emitted from the entire exposed area of
the particles, concurring with our nding that the PL is not due
This journal is © The Royal Society of Chemistry 2020
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Table 1 PL decay times, relative pre-exponential factors, and ampli-
tude- (sA) and intensity- (sI) average PL lifetimes resulting from four-
exponential fitting of three typical regions in a single micro-crystal

Decay term A (corner) B (edge) C (centre)

s1 3.6 ns (22%) 3.5 ns (26%) 3.9 ns (33%)
s2 4.3 ns (21%) 12.6 ns (63%) 14.3 ns (57%)
s3 17.4 ns (49%) 50.0 ns (6%) 96.9 ns (9%)
s4 83.1 ns (9%) 150 ns (5%) 400 ns (0.3%)
sA 17.4 ns 19.6 ns 19.7 ns
sI 43.3 ns 72.8 ns 74.6 ns
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to small quantities of impurity localized in some specic places
of the particles. Unlike the uniform PL intensity observed over
our micro-crystals (Fig. 4a) the spatial distribution of PL
intensity at the central region was found to be signicantly
higher relative to the edges. Amplitude-average PL lifetimes,
very similar to those of the larger microcrystals discussed here,
were reported despite the shorter timescale of the measure-
ments, and similarly slightly longer-lived emission was
observed towards the centre of the microdisks than the edges. A
short decay component with a very similar lifetime to the
present case (�3.4 ns) was observed across the whole microdisk
and attributed to trapped exciton recombination inside the
crystal, while the long-lived emission (�19 ns) was ascribed to
surface energy state mediated recombination.

There is some indication of slightly longer-lived emission
emanating from the centre of the crystals compared to the edges
in some of the other microcrystals in the present samples
(Fig. 4b), but in comparison with the microdisk work17, the
steady-state and time-resolved emission microscopy behaviour
of the large zero-dimensional Cs4PbBr6 micro-crystals under
investigation here indicates that these crystals are highly
uniform in composition and less susceptible to the effects of the
surface trap states. The general uniformity of the time-resolved
emission behaviour within these crystals suggests that any
deep-trap-mediated non-radiative recombinational deactivation
is not dominant in these large crystals and the green PL is
ascribed to enhanced trap-assisted radiative recombination that
is quite uniform over the entire crystal.
Conclusions

In summary, zero-dimensional Cs4PbBr6 micro-crystals of high
crystalline quality were prepared by a thermally-assisted solu-
tion method and exhibited a high PL quantum yield of 45%.
Spatial connement of the exciton can be achieved within these
zero-dimensional perovskite cells despite the overall size of the
material spanning several micrometres. The radiative recom-
bination coefficient of the 0D perovskite micro-crystals, 1.5 �
10�8 s�1 cm3, is two orders of magnitude higher than that of the
equivalent three-dimensional perovskite, which contributes to
the high PL efficiency. At low temperatures, the radiative
recombination rate is further increased due to the weak phonon
scattering effect. We conclude that the PL properties of zero-
dimensional Cs4PbBr6 micro-crystals originate from their
This journal is © The Royal Society of Chemistry 2020
intrinsic structural characteristics rather than a small amount
of CsPbBr3 impurities. Our investigation provides additional
insights into the photophysical dynamics of zero-dimensional
perovskite micro-crystals which have potential applications in
light-emitting devices and photonics.
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