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To overcome the drawbacks in three-dimensional (3D) perovskites, such as instability, surface hydration,
and ion migration, recently researchers have focused on comparatively stable lower-dimensional
perovskite derivatives. All-inorganic zero-dimensional (OD) perovskites (e.g., Cs4PbXe; X = CL7, Br~, I7)
can be evolved as a high performing material due to their larger exciton binding energy and better
structural stability. The clear understanding of carrier recombination process in 0D perovskites is very
important for better exploitation in light-emitting devices. In this work, we comprehensively studied the
light emission process in 0D Cs4Pblg nanocrystals (NCs) and interestingly we observe intense white light
emission at low temperatures. According to our experimental observations, we conclude that the white
light emission contains an intrinsic exciton emission at 2.95 eV along with a broadband emission
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Accepted 26th March 2020 covering from 1.77 eV to 2.6 eV. We also confirm that the broadband emission is related to the carrier
recombination of both self-trapped excitons (STE) and defect state trapped excitons. Our investigations

DOI: 10.1039/d0ra004679 reveal the carrier recombination processes in Cs4Pblg NCs and provide experimental guidelines for the
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Introduction

In recent years, all inorganic metal-halide perovskites have
attracted much attention due to their unique properties, like,
high absorption coefficient," tunable band-gap,>* high photo-
luminescence quantum yield (PLQY),* low-threshold stimulated
emission,” the strong nonlinear absorption,® single photon
emission,” and narrow emission linewidth.> These perovskite
materials are present in various fields of applications, such as
solar cells,**® light-emitting diodes (LEDs),"" lasing gain mate-
rials,® low-cost nonlinear absorbers,® and single-photon sour-
ces.”” Among these perovskite materials, three-dimensional
(3D) all-inorganic lead halide perovskites (ILHP) CsPbX; (X =
Cl7, Br, or I") composed of an extended network of corner-
sharing [PbX,]*~ octahedra with Cs" ions residing in the cavi-
ties of this network, have been extensively explored.“**%317
However, under operating conditions, 3D ILHPs suffer from
crystal instability, ion migration and surface degradation,
hence their reduced-dimensionality counterparts are being
hugely investigated.'®® Recently, zero-dimensional (0D)
Cs,PbXs nanocrystals (NCs) were successfully synthesized by
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potential application of white light generation.

hot-injection colloidal synthesis approach under Cs-rich
conditions,”*** and the resulted nanocrystalline crystal struc-
ture formed by isolated octahedra [PbX,]'~ separated by Cs*
ions in all three directions.*® This specific structure of 0D
perovskites is expected to result in some novel optical and
electronic properties. Recent studies on Cs,PbBrs NCs show
some special properties, such as, intrinsic Pb>" ion emission,*
and small polaron formation on photoexcitation.?® 0D Cs,Pblg
perovskite was first reported around two decades ago,”**
however the photoluminescence (PL) recombination process is
still unclear. It's necessary to have further characterizations
such that we can unveil some hidden interesting properties.
In this work, we have studied the PL recombination processes
in 0D Cs,Pbls NCs synthesized via hot injection method.>® We
have observed that the Cs,Pbls NCs possess a sharp intrinsic
exciton absorption peak at 3.38 eV with an excitonic binding
energy of around 490 meV. More importantly, we found an
extremely broad visible light emission that covers from 1.77 eV to
3.26 eV at low temperature. To get rid of the thermal effect and
find out the origin of such broadband emission, we have per-
formed the low-temperature PL measurement excited at variable
excitation energies. We observed that the broadband emission of
Cs,Pblg NCs contains three main emission peaks. With
comprehensive experiments and careful analysis, we conclude
that the emission peak at 2.95 eV originates from the exciton
recombination process, while the other two peaks at 2.36 eV and
2.16 eV evolve from recombination processes of self-trapped
excitons (STEs) and defect-trapped excitons. The time-resolved
PL (TRPL) results reveal that the emission originates from STE
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process decays faster for shorter wavelength/higher energy
photon recombination. This phenomenon indicates that there
are a series of emissive STE states and the excited STE states,
decay from higher energy states to lower energy states during the
emission process.

Results and discussion

Sample preparation and structural characterization

We have synthesized Cs,Pbls NCs by the hot injection method
(see details in the ESIT).? Firstly, lead oxide (PbO) was dissolved
in 1-octadecene (ODE) with oleic acid (OA) and oleylamine
(OAm) at 150 °C. Then the solution was cooled to 80 °C, and the
tetrabutylammonium iodide (TBAI) was injected. The reaction
was kept for ten minutes, and then Cs-oleate precursor, ie.,
cesium carbonate (Cs,CO;) dissolved in ODE with OA was
injected. The reaction was kept for another five minutes and
then stopped by quenching in an ice-water bath. Finally, the
NCs were collected through centrifugation.

To confirm the crystallinity of Cs,Pbls NCs, we have per-
formed powder X-ray diffraction (XRD) measurement. More
specifically, we prepared a thick film by drop-casting the NCs
sample on a glass substrate and dried for the measurement. As
shown in Fig. 1a, the experimental XRD pattern matches well
with the reported crystal structure as represented in Fig. 1b
having lattice parameters of a = b = 14.6019 A, ¢ = 18.3678 A.>*
The high-resolution transmission electron microscope
(HRTEM) image of these NCs is presented in Fig. 1c, which
demonstrates the spherical shape with size distribution in the
range of 10 £+ 3 nm.

Low-temperature absorption and PL spectra

The absorption spectra of Cs,Pbls NCs film at 298 K and 78 K, is
displayed in Fig. 2a. The absorption spectrum measured at
298 K shows a strong excitonic absorption peak at 3.36 eV.

(a)
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Fig.1 (a) XRD pattern of the Cs4Pblg NCs film. (b) The crystal structure
of Cs4Pblg (R3c, a = b = 14.6019 A, ¢ = 18.3678 A). (c) The HRTEM
image of Cs4Pblg NCs.
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Fig. 2 (a) Absorption and (b) PL spectra of Cs4Pblg NCs films at 298 K

and 78 K. The insert of (b) is the optical image of the white light
emission from these NCs film at 78 K.

While decreasing the temperature from 298 K to 78 K, the
excitonic absorption peak slightly shifted to 3.38 eV (Fig. S17)
and the spectra become sharper. Two additional higher energy
absorption bands (in the range of 4 eV and 4.5 eV) at low
temperature is appeared due to reduction of thermal energy.
These higher energy bands originate from the crystal-field
splitting of the conduction band due to deviation from Oy
symmetry of [Pblg]'~ octahedra.> The Tauc plot at 78 K
(Fig. S27) results in the band-gap energy around 3.87 eV and the
corresponding exciton binding energy of 0.49 eV. The high
exciton binding energy of the NCs indicates the strong
confinement effect of excitons that originates from the isolated
octahedra.”

We have also conducted temperature-dependent PL
measurement of Cs,Pblgs NCs film that is excited at various
excitation energies (2.95 eV, 3.14 eV, 3.38 eV, 3.60 eV) and the
corresponding graphical representation is presented in Fig. S3.}
Among them, two representative PL spectra excited at 3.60 eV
are shown in Fig. 2b. As a comparison of the strong narrow high
energy absorption peak of Cs,Pbls NCs, the PL spectra covering
the full visible energy range (1.9 eV to 3.2 eV) compose of two
broad bands peaked at 2.27 eV and 2.95 eV, respectively.
Moreover, the PL spectrum changes drastically upon cooling
and the emission peak intensity increases around thirty times
compared to the PL intensity at room temperature. Strong white
light emission appears at 78 K is shown in the inset of Fig. 2b
and the 1931 CIE chromaticity map is in Fig. S4.7 Besides, the
relative PL intensity of the emission band at 2.95 eV gradually
decreases with increase in temperature and the emission band
disappears at around 190 K (Fig. S37).

The origin of emission bands

To unveil the emission processes of Cs,Pblg NCs, we firstly
performed low-temperature PL measurements at 78 K under
different excitation energies of 2.95 eV, 2.36 eV and 2.16 eV
(Fig. 3a). It turns out that the PL spectra strongly depend on
excitation energies. We fitted the experimental PL spectra by
using three peaks as shown in Fig. 3a. We observe that these PL
spectra can be deconvoluted as the superposition of three
emission bands having peak positions at 2.95 eV, 2.36 eV and
2.16 eV. The distinct PL profiles under different excitation
energies are ascribed to the different relative intensities of three

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a) PL spectra of the Cs4Pblg NCs film excited at 3.6 eV (blue),

3.38 eV (purple) and 2.95 eV (red). The spectra are fitted with three
emission peaks (2.95 eV, 2.36 eV, 2.16 eV). The fitting results are shown
within the thinner green (2.16 eV), black (2.36 eV) and pink (2.95 eV)
lines. (b) PLE spectra detected at 2.95 eV (blue), 2.36 eV (dark blue) and
2.16 eV (red).

emission bands under different excitation energies. Specifically,
when the NCs thin-film sample is excited by the energy of 3.6 eV
(larger than excitonic band-gap energy of 3.38 eV), the emission
intensities at 2.36 eV and 2.16 eV are much stronger than the
intensity at 2.95 eV. The emission peak at 2.36 eV becomes most
intensive when the sample is excited with the energy of 2.95 eV
(smaller than excitonic band-gap energy of 3.38 eV). When the
sample is excited with excitonic band-gap energy 3.38 eV,
intensities of three emission peaks become comparable.

To understand the physical origin of these three PL peaks,
we continuously change the excitation energy and detect the
emission intensity at certain energies of 2.95 eV, 2.36 eV and
2.16 eV. PL excitation (PLE) measurements are shown in Fig. 3b,
where the PL emission intensity at 2.95 eV reaches maximum
value under excitation energy of 3.38 eV, which coincides with
the excitonic absorption band-gap energy as demonstrated in
the absorption spectrum (Fig. 2a). Therefore, we attribute that
the 2.95 eV PL peak is the intrinsic excitonic emission with
a Stoke's shift as large as 0.43 eV. For the PLE spectra detected at
2.36 eV and 2.16 eV, there are two PLE peaks at 2.95 eV and
3.17 eV (Fig. 3b), which indicates that the emissions at 2.36 eV
and 2.16 eV originate from the absorption both at 2.95 eV and
3.17 eV. It is noticeable that there is no obvious absorption band
below the excitonic absorption band-gap 3.38 eV (Fig. 2a).
Considering the extremely large exciton binding energy in
Cs,PblI NCs, the exciton separation is very unlikely to take place
in this material. Thus, the emission at 2.36 eV and 2.16 eV could
originate from (a) the self-trapped excitons (self-trapped elec-
trons localizing on Pb>*, self-trapped holes localizing on
I7)>***32 and/or (b) defect-trapped excitons. To distinguish self-
trapped excitons and defect-trapped excitons, we investigate the
behaviour of the PL spectra under exciton-power-dependent PL
measurements at 78 K.

This journal is © The Royal Society of Chemistry 2020
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To understand if any phase transition of perovskites struc-
ture causes increase in PL intensity, we have conducted
temperature-dependent Raman measurement and XRD
diffraction of Cs,PblIg NCs film from 298 K to 78 K. The corre-
sponding Raman spectra (Fig. S61) and XRD diffraction pattern
(Fig. S77) of Cs,Pbls NCs films have been added in the ESL} In
the range of temperature analyzed both Raman and XRD
spectra do not show any abrupt shift or change in intensity at
a specific temperature, as typically observed when there is
a phase transition. We have noticed that 41.53 cm ' Raman
peak at 298 K shifted to 44.71 cm™ " at 78 K, whereas 28.24° XRD
peak at 298 K shifted to 27.64° at 98 K. We can just observe
a small shift to smaller angles for the XRD peak (with
decreasing the temperature the crystal structure shrinks). It
concludes that the emission intensity of NCs enhances at low
temperature is not related to the phase transition of the
perovskite crystal structure.

The mixed STE and defect-assisted emission

In order to find out the origin of the emission peaks at 2.36 eV
and 2.16 eV, we have performed the excitation-power-dependent
PL measurements. The nature of the charge carrier recombi-
nation processes can be determined from the relationship
between integral PL intensity and excitation power density.
When the sample is excited with a laser energy of 3.6 eV, where
the PL profile does not change much even the excitation power
density increases two orders of magnitude. We plot the integral
PL intensities as a function of excitation power density with
logarithmic coordinates as shown in Fig. 4a. By fitting the
integral PL intensity with a power law of the form I ~ L* (I is the
integral PL intensity, L is the power density of excitation laser
and k is the fitting parameter), we get k = 0.897 £ 0.005. Since
the value of k is very close to 1, we attribute the broad emission
to the STEs.> As a comparison, we also performed power-
dependent PL spectra excited with a laser energy of 2.33 eV
(Fig. 4b). As shown in the inset of Fig. 4b, we observe a clear
saturation behaviour for the PL emission intensity with the
value of k = 0.66 = 0.02. To further confirm this saturation
phenomenon, we have conducted power-dependent PL
measurements with another laser of 2.71 eV, which was also
lower than the excitonic absorption energy. Similarly,
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Fig. 4 Power-dependent integral PL intensity (IPLI) under different

excitation power density of (a) 3.6 eV laser and (b) 2.33 eV laser. Data
points are plotted with logarithmic coordinates. The red lines are the
linear fitting results of data points. ‘' is the integral PL intensity, ‘L' is the
excitation power density. Insets in (a) and (b) are integral PL intensity vs.
excitation power density plotted in decimal coordinates.
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saturation behavior is featured with the k value of 0.58 + 0.03
(Fig. S51). All these results indicate that emission at 2.36 eV and
2.16 eV originates from a mixed emission process of STEs and
defect-trapped excitons.

Emission-wavelength-dependent dynamics of the STEs

To investigate the decay dynamics of STEs, we measured the low
temperature (@78 K) TRPL decays of Cs,Pbls NCs films exciting
at 405 nm and selecting the emitted fluorescence at different
characteristics wavelengths. The PL decays are strongly
wavelength-dependent as shown in Fig. 5a. For all the wave-
lengths the PL decays are well fitted with a two-exponential
decay function,

I(t) = Iola; exp(t/t)) + as exp(t/T,)],

where I(t) is the PL intensity at time ¢, I, is the initial PL intensity
at¢ =0, t; and 7, are lifetimes of two components, a; and a, are
corresponding amplitude. Fitting results are listed in Table S2.}

The average PL lifetimes according to the equation, T,y =
Saiti%/Za;t;, are calculated for each decay and plotted in Fig. 5b.
It shows that the average PL lifetime increases with a decrease
in emission energy of the exciting photons.

This trend of PL lifetimes is consistent with the existence of
a series of STE states in Cs,Pblg NCs as illustrated in the
schematic diagram Fig. 5c. Indeed, after excitation, free exci-
tons relax very fast and form STE states through the interaction
with the surrounding lattice. The presence of multiple STE
states could be induced by different lattice distortions. The
excitons from STE states can recombine radiatively and/or
nonradiatively. The inhomogeneous distribution of photon
energies originated from STE states broaden the resulted PL
emission spectra. The deeper self-trapped excitons produce
lower-energy PL and take a longer time to recombine, consis-
tently with greater lattice distortions required for lower-energy
PL. Besides, a cascade mechanism is also possible, where
shallow STE states transfer to deeper STE states, aided by the
local heterogeneity of the excited-state potential-energy
surface.** Since the average lifetime of some STE states at
specific energies is determined by all of the related radiative and
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Fig.5 (a) Normalized time-resolved PL spectra of Cs4Pblg NCs at 78 K

excited at 3.38 eV. Open circles are experimental data. Corresponding
solid lines are fitting results with the two-exponential function. (b)
Average lifetime at different energy obtained from TRPL results in the
left panel. (c) The schematic diagram of the decay dynamics of free
excitons and STEs. The dashed line indicates the possible nonradiative
decay processes of STEs.
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nonradiative transitions. Similar emission-energy-dependent
relaxation dynamics have been already reported in case of
silicon NCs embedded in SiO, (ref. 33 and 34) and two dimen-
sional (2D) lead-bromide perovskites®**** and were attributed
to the nonradiative quenching of multiple STE states through
a phonon-assisted tunnelling mechanism.

To distinguish the PL signal appears from the Cs,Pbls NCs or
the ligands (e.g., oleic acid/oleylamine) we further studied the
PLE and lifetime measurements. The optical properties of
ligands depend on excitons. The excitonic nature of organics is
a result of the weak, electrostatic van der Waals cohesive forces.
Hence, the excitons are tightly bound into small Frenkel-like
states and results in very high exciton binding energy.
However inorganic semiconductors are chemically bound by
strong covalent and/or ionic forces, whereby electrons are
shared by all the ions forming the crystal lattice and result in
comparatively low exciton binding energy than organics.
Further, the very long PL lifetime of organic molecules (500 ns
to 100 ms) is due to exciton recombination between singlet and
triplet energy states,*”*® whereas in inorganic molecules exciton
recombines through quantum mechanically allowed singlet
energy states and show comparatively short-lived PL lifetime (1-
50 ns). Here in Cs,Pbls NCs, the exciton generation and
recombination processes happen within the isolated lead
halide octahedra. The PL lifetimes of these NCs is in the range
of ns scale. These characteristics confirm that the PL emission
contributes to Cs,Pbl, crystal structure.

Excitation dependent emission process

According to our experimental results and careful analysis, we
can illustrate the exciton recombination and emission
processes within Cs,Pbls NCs. The schematic diagram of
absorption, PL and PLE results are summarized in Fig. 6a. The
excitonic absorption peak is situated at 3.38 eV and corre-
sponding emission peak is at 2.95 eV. The trapped exciton
emission peaks are located at around 2.36 eV and 2.16 eV. In the
following section, we will discuss the exciton recombination
process considering two conditions, (a) the excitation energy is
higher than excitonic absorption band (3.6 eV) and (b) the

(a) (b) (o)
PLE Exciton
3.38eV- relaxation /- - =
3.17eV-
2.95eV i
o
236eV-fl{-& Excitatipn R
Sieev 18 g Defect
b 3 PL Self.:rap assisted
g qrgtgn emission
i~

Fig. 6 Schematic diagram of PL recombination processes in Cs4Pblg
NC samples. (@) Summary of energy levels in absorption and emission
process. (b) Carrier recombination process excited with the energy
higher than excitonic absorption band. (c) Carrier recombination
process excited with the energy lower than the excitonic emission
band.
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excitation energy is smaller than excitonic emission band
(2.71 eV and 2.33 eV).

The emission process for the first case is illustrated in
Fig. 6b. In this condition, the excitation energy is high enough
to excite free carriers and excitons in Cs,Pblg NCs. Because of
the extremely high exciton binding energy (0.49 eV), there would
be little free carriers formed considering the equilibrium
between excitons and free carries.** Then excitons will relax
through the interaction with phonons and emit photons with
the energy around 2.95 eV, which is much smaller than the
excitation energy. During the relaxation process, excitons tend
to form STEs with a distribution of energy states. STEs decays
through radiative or nonradiative recombination process and
results in broad emission spectra. Moreover, there will be
a thermal exchange process between intrinsic exciton emission
and STEs when the temperature rises, which would result in
a variation of the relative intensity of intrinsic exciton emission
and STE emission. At low temperatures, the de-trapping rate of
STEs is very slow due to the lack of phonons. As a result,
emission from STEs would be the dominant emission process at
low temperature. Since the de-trapping rate increases with
increasing temperature, there would be more free excitons
participating in the emission process at higher temperatures. As
a result, we observe a much stronger excitonic emission at 78 K
than at 298 K as demonstrated in Fig. 6b, and the relative
intensity of intrinsic excitonic emission increases gradually
with decreasing temperature (Fig. S37).

For the second condition, the corresponding PL process is
represented in Fig. 6c¢. In this case, the energy of the excitation
photon energy is not enough to excite free carriers or excitons.
The main excitation species would be the defect states and
trapped excitons within the octahedra. Because of the strong
confinement from individual octahedron, excited carriers
would decay very fast and emit photons with the energy of
around 2.36 eV and 2.16 eV. In this case, the defect-assisted
emission (from defect-trapped excitons) becomes the domi-
nant contributor.

Conclusions

In summary, we investigate the exciton recombination process
in Cs,Pbls perovskite NCs by absorption, PL, PLE and PL life-
time measurements. We demonstrate that the exciton absorp-
tion band peaked at 3.38 eV and the intrinsic emission band
peaked at 2.95 eV with a Stoke's shift of 430 meV. Besides, there
is a broad emission band from 1.77 eV to 2.6 eV in the PL
spectra. Through PLE and power-dependent PL measurements,
we conclude that the broad emission band is a mixed emission
from the STEs and defect-trapped excitons. Through TRPL
experiments, we observe that the PL lifetimes strongly depend
on the emission wavelength of STE, which can be attributed to
the existence of multiple emissive STE states. When the exci-
tation energy is larger than the excitonic absorption band, self-
trapped exciton emission is dominant in the emission because
of the strong electron-phonon interaction. When the excitation
energy is not enough to excite excitons within the sample, then
defects-assisted emission occurs. Our comprehensive studies
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reveal the properties and mechanism of light emission process
in Cs,Pbls NCs offering a very promising material for white light
emission applications.
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