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The all-inorganic perovskite CsPbBr3 has been capturing extensive attention due to its high quantumyield in
luminescence devices and relatively high stability. Its luminescence is dominated by free exciton (FE)
recombination but additional emission peaks were also commonly observed. In this work, a CsPbBrs
microcrystal sample in the orthorhombic phase was prepared by the chemical vapor deposition method.

In addition to the FE peak, a broad emission peak was found in this sample and it was attributed to self-

iig:gﬁ% 25?; gzzzmzz: 382 trapped excitons (STEs) based on its photophysical properties. The STE emission can only be observed
below 70 K. The derived Huang—Rhys factor is ~12 and the corresponding phonon energy is 15.3 meV.

DOI: 10.1035/d1ra08623d Its lifetime is 123 ns at 10 K, much longer than that of FE emission. The STE emission is thought to be an
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1. Introduction

All-inorganic perovskite semiconductors have been capturing
extensive attention due to their unique optical and electronic
properties, such as high light absorption coefficient,* strong
carrier transport capacity,” highly efficient photoluminescence
(PL),® tunable band gap,* high defect tolerance,® and relatively
high stability.® Caesium lead halides CsPbX; (X = Cl, Br, I) are
the most studied all-inorganic perovskite semiconductors,
which exhibit significant potential for applications in light
emitting devices such as lasers and light emitting diodes.” ™"
These applications are closely associated with their lumines-
cence properties. The PL spectrum of CsPbX; usually manifests
as a single Gaussian fluorescence peak from the free exciton
(FE) recombination. However, PL spectra with additional peaks
and fine structures were also obtained in some conditions,
indicating the existence of complex underlying physical
processes in the materials.

In some reports the CsPbX; perovskites display dual PL
peaks and a series of illustrations have come up for this
phenomenon, including free and trapped excitons, surface
and volume emission,'*' existence of two phases,'® the Rashba
effect’® and the reabsorption effect.”” Similar phenomenon in
hybrid halide perovskites such as CH;NH;3;PbX; (X = Br, I) was
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advised to be from free carriers and exciton recombination,®
the transverse inhomogeneity and structure coexistence,'>
and the inelastic exciton-exciton scattering or biexciton emis-
sion.”> Emission spectra with three peaks were assigned to two
BEs and an FE emission.**** Even without observation of two or
more luminescence peaks, the low-temperature PL spectrum of
CsPbX; usually reveals an asymmetric tail in the low-energy side
of the FE peak, implying the existence of some weak compo-
nents."”»***” In some reports the weak subcomponent was sug-
gested to be from the trap states in the band gap induced by
either defects, e.g. Br vacancy, or surface states.”®** In a recent
report this phenomenon was attributed to a local dipole
moment induced by the off-centre localization of Cs" cations.*
None of these hypotheses to understand the multiple emission
peaks have been confirmed and the occurrence conditions for
them have not been explored clearly.

The exciton-phonon coupling is a significant interaction in
polar semiconductors and has great influence on the lumines-
cence spectrum. It may lead to a low energy tail of the excitonic
peak due to the appearance of phonon replicas. Such a result
was observed in CsPbBr; nanocrystals at cryogenic temperature
and a longitudinal optical (LO) phonon in energy of ~18 meV
was derived.**"** The strong exciton-phonon coupling also may
induce the appearance of self-trapped excitons (STEs), which
represent a type of excitons trapped by transient local lattice
deformation in the excited state. It can be extrinsic or intrinsic.
The former is dependent on doping and the latter is indepen-
dent on any impurity or defect. STE was rarely discussed in the
conventional semiconductors but it has received many atten-
tions in the perovskites due to the strong ionic bond and soft
lattice nature. STE emission is usually characterized by a broad
below-band-gap emission band with relatively long lifetime.
White-light emitting devices have been developed based on the
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broad STE emission and a series of halide perovskite materials
have been designed and synthesised for highly efficient STE
emission.*** The double perovskites and low-dimensional
perovskites were found to have strong STE emission.**** Since
the lattice deformation in these structures is easy to occur. In
the fully inorganic Cs-Pb-Br systems, the STE emission was
mainly discussed in zero-dimensional Cs,PbBre,***" in which
the [PbBrs| octahedrons are isolated. An STE band was also
detected from the low energy wing of the PL spectra of CsPbBr;
and CsPb(Br; ,I,); quantum dots under weak excitation
condition, but this conclusion has not been widely accepted.
In spite of the difference in intensity and bandwidth, the STE
emission was sometimes thought to be universal in the halide
perovskites.

In this paper, we prepared CsPbBr; microcrystals (MCs) by
chemical vapour deposition (CVD) method. Steady and time-
resolved PL spectra in the temperature range from 10 to 300 K
were measured and a broad band besides sharp peaks was
observed in the sample. The FE and STE emissions were mainly
discussed based on their power dependence and temperature
dependence of PL intensity, line width and lifetime. The STE
was found to be an intrinsic emission channel in CsPbBr;. This
conclusion is contributory to get a fully understanding to the
optical properties of CsPbBr; semiconductor.

2. Materials and methods

The CsPbBr; MCs were prepared by the CVD method. CsBr and
PbBr, powder were adopted as raw materials and (100) silicon
wafer as the substrate. The mixture of raw materials was placed
in the centre of a quartz tube furnace and the substrate was
placed with 15 cm departure in the downstream side. The
quartz tube was vacuumed by a mechanical pump and the high-
purity argon in flown of 30 sccm was supplied as the carrier gas
in the whole process. The furnace was heated to 600 °C in 30
minutes and then maintained for 15 minutes. The sample was
obtained after the furnace cooled naturally to room
temperature.

The morphology of the samples was characterized by the
scanning electronic microscopy (SEM) (JEOL-7800F). The crystal
structure of the samples was characterized using X-ray diffrac-
tion (XRD) (Bruker Advance D8) with Cu Ko radiation (A =
0.15406 nm). The PL spectra were obtained by a home-made
system composed of a monochromator (ZOLIX, Omni-A 500i)
and a photomultiplier detector (R928). The monochromator has
a focal length of 500 mm and was equipped with a 1200 I mm ™"
grating blazing at 500 nm. A standard lock-in amplification
technique was employed to remove the noise and background
signal. The samples were mounted with silver paint on the cold
finger of a CRYO closed-cycle cryostat controlled by a Lakeshore
temperature controller. A diode pumped solid state lasers in
473 nm wavelength was used as the excitation light. The time-
resolved PL spectra were measured by using the time-
correlated single photon counting (TCSPC) technology. The
detection system was produced by Edinburgh Instruments
(LifeSpec II), with the detector mounting on another exit port of
the same monochromator for steady fluorescence. A 372 nm
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pulse laser diode with pulse width of 60 ps was adopted as
excitation light for lifetime measurement.

3. Results and discussion

The SEM images of the CsPbBr; MCs shown in Fig. 1a and
b display regular cubes distributed as islands on the silicon
substrate. The edge length ranges from a few microns to dozens
of microns and the surface is smooth. XRD pattern shown in
Fig. 1c provides the information of MC samples’ crystal struc-
ture. The main diffraction peaks correspond to the (002), (110),
(004) and (220) planes of orthorhombic phase (space group
Pnma, ICSD # 97851),> which is the most stable perovskite
phase at room temperature or lower. The sharp peaks demon-
strate the high-quality crystallinity of the CsPbBr; MCs, which is
advantageous to get a deep insight into its PL processes.

The PL spectra of CsPbBr; MCs are shown in Fig. 2, excited
by 473 nm laser and measured within a wide temperature range
(from 10 to 300 K). The fluorescence image in Fig. 2b presents
luminescent MCs in bright green. The PL spectra manifests
multiple emission peaks at 10 K but one Gaussian shaped peak
at 300 K. As shown in Fig. 2¢, we have performed a careful fit to
decompose the spectrum at 10 K into four Gaussian compo-
nents peaked at 2.254, 2.294, 2.348, and 2.405 eV, which are in
turn named as peak-1, 2, 3, and 4 hereinafter, respectively. Peak-
1 is the main component of the spectrum at 10 K. It has a full
width at half maximum (FWHM) of 123.7 meV, much broader
than the other components. However, its intensity declines
quickly with increasing temperature and is hardly seen above 70

CstBr3 MCs
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Fig. 1 Morphology and structure analysis of CsPbBrs MCs. (a and b)
SEM images of CsPbBrs MCs grown by CVD method at low and high
magnification, respectively. (c) X-ray diffraction pattern of CsPbBrs
MCs (red) at room temperature and reference data (black) of ortho-
rhombic phase (ICSD #97851).
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Fig. 2 PL spectra of CsPbBrs; MCs under the excitation of 473 nm laser. (@) Temperature evolution of the PL spectra from 10 to 300 K with
a constant vertical offset. (b) Fluorescence image of the sample. (c) The decomposition of the spectrum at 10 K, the obtained four Gaussian-
shaped peaks locate at 2.254, 2.294, 2.348, and 2.405 eV, respectively. (d) PL spectra of the sample obtained after six months of exposure at

ambient condition.

K. Peak-2 is the strongest one within the whole temperature
range and only it survives above 110 K. With increasing
temperature, peak-2 blue-shifts from 2.294 eV at 10 K to
2.394 eV at 300 K, which is one of the typical optical charac-
teristics of perovskite materials.>* It is essentially determined by
the special band structure of perovskite semiconductors whose
valence band is composed of antibonding state,**~>® whereas the
valence band of normal semiconductors such as CdSe and GaAs
is made up of bonding state.***® The intensity of peak-2 first
increases (from 10 to 70 K) then quickly decreases (above 70 K).

Peak-3 and peak-4 are two weak components existing only at
low temperatures (below 110 K). They locate at higher energy
and their peak centers are insensitive to temperature. When the
sample was exposed at ambient condition for six months, the
PL measurement was performed again and the result is shown
in Fig. 2d. In this case, the broad band (marked by red arrow)
and the highest peak correspond to peak-1 and peak-2,
respectively. Although the relative intensity of them varied the

© 2022 The Author(s). Published by the Royal Society of Chemistry

two peaks maintain at the same positions as that in Fig. 2c. The
significant change is that peak-3 and peak-4 disappear abso-
lutely and some additional peaks emerge between peak-1 and
peak-2. This result indicates that peak-1 and peak-2 are intrinsic
luminescence in the CsPbBr; MCs and the other emission peaks
may be concerned with imperfections of the crystals, such as
Pb-Br clusters adsorbed on surface or defects induced by
corrosion at ambient condition. The small clusters on surface
have larger band gaps and are more easily destroyed by the
water and oxygen molecules in air so that the corresponding
peak-3 and peak-4 vanish. Hereafter, we focus mainly on peak-1
and peak-2.

Peak-2 is the strongest emission in the whole temperature
range and the only peak at temperatures above 110 K, so it is
naturally attributed to the FE recombination. To confirm this
proposition, an absorption spectrum was derived from the
diffuse reflection measurement at room temperature. As shown
in Fig. 3a, it can be seen clearly that the emission peak (2.368

RSC Adv, 2022, 12, 1035-1042 | 1037
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Fig. 3 (a) Optical absorption (blue line) and emission PL (black line)
spectra of CsPbBrs MCs at 300 K. (b) Integrated PL intensity of peak-1
and peak-2 with respect to the excitation power.

eV) almost overlaps with the excitonic absorption peak (2.386
eV), with a small Stokes shift of about 18 meV. Additionally, the
power dependence of peak-1 and peak-2 was obtained at 10 K
and shown in Fig. 3b. The integrated PL intensity of peak-1 and
peak-2 are linearly dependent on the excitation power in a wide
range. These results fit well with the features of FE emis-
sion.*>?*?%2” Therefore, peak-2 can be undoubtedly attributed to
FE recombination.

Peak-1 locates at energy 40 meV lower than peak-2 at 10 K.
The large energy separation excludes it to be a phonon replica of
the FE peak since a typical LO-phonon in CsPbBr; was reported
to be ~18 meV.*** Emission peak with similar character was
also proposed to be from the trapped excitons such as the BEs
induced by impurities or defects in the crystal.>***¢>”¢* Never-
theless, there remains controversy since it is very challenging to
explore the trapping center definitely. The halide perovskites
are thought to have high defect tolerance,” so that defect or
impurity generally does not introduce deep energy levels in the
band gap. Additionally, the linear power dependence shown in
Fig. 3b also denies it to be concerned with defects. Therefore, by
considering the broad width characterization,” peak-1 is
proposed to be from STEs. STE was less reported in perovskite
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CsPbBr; since the lattice is constrained in the three-
dimensional structure. But it was still thought to be possible
because of its soft lattice and strong ionic bonds, even though it
may not be as strong as that in other perovskites with
substituted components or low-dimensional structures.

As peak-1 and peak-2 are proposed to be from STEs and FEs,
respectively, their intensity variation with rising temperature
can be understood as the thermal transformation from STEs to
FEs.”” The integrated PL intensity of peak-1 and peak-2 with
respect to temperature are summarized in Fig. 4a and b,
respectively. It can be seen clearly that the increase in peak-2 is
almost equal to the decrease in peak-1 from 10 to 70 K, which
indicates that the thermal activation from STEs are FEs has
a high efficiency. This transformation is a thermal quenching
process to STE emission but a negative thermal quenching
process to FE emission, therefore the two processes share the
same energy barrier. When the data are fitted using the Arrhe-
nius equation,®* the activation energy obtained from the STE
decrease process is 31.0 meV and 30.8 meV from the FE increase
process. The equivalence of the two data gives a further support
to the thermal transformation model. Consistent with previous
reports,® the intensity of FE peak decreases rapidly when the
temperature is above 70 K. It may be induced by the dissociation
of FEs and the activation of non radiative recombination
centers. It may be noted that the temperature evolution of the
PL intensity is different in Fig. 2d, where the intensity of both FE
and STE peak decreases with increasing temperature. This
seems to be in contrast to above discussion but it is under-
standable. The additional peaks locating between the FE and
STE peak can be attributed to defect emission. The emergence
of defects may induce thermal quenching of the FE emission
and prevent the thermal transformation from STEs to FEs. So
the enhancement section with temperature rising of FE peak
was not observed in Fig. 2d.

The physical process of STE emission is usually described by
the configuration coordinate model with a relatively large
Huang-Rhys factor. This model indicates that the STE emission
must be a broad band. According to previous theoretical anal-
ysis, the FWHM of STE emission is temperature dependent and

it can be quantitatively given by®***

I(T) = I'(0)coth (%) (1)

in which w is the vibrational frequency of a phonon mode and %
the Boltzmann constant. I'(0) is the zero-temperature line
width, and assuming a Gaussian-shaped spectrum it is defined

as
I(0) = 24/2 In(2) St w? (2)

where S is the Huang-Rhys factor. The FWHMs of peak-1 under
different temperatures are summarized in Fig. 4d and fitted by
eqn (1). A zero-temperature line width of 124.5 meV and
a phonon mode in energy of 15.3 meV are obtained. The
Huang-Rhys factor further calculated by eqn (2) is 11.9. This
phonon energy is close to the previously reported values.**
The value of S is larger than 10, consistent with the general

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Photophysical properties of CsPbBrs MCs. (a and b) The integrated PL intensity of peak-1and peak-2, (c) the shift of peak centers and (d)

FWHM of peak-1 with respect to temperature.

criterion of STE emission.® The Huang-Rhys factor also can be
estimated by dividing the energy interval from zero-phonon line
to peak energy by phonon energy. This energy interval of peak-1
in Fig. 2c is 187 meV, so the estimated S is 12.2 when adopting
phonon energy of 15.3 meV. That is, the S values obtained from
two different approaches agrees well with each other.

Another key feature of STE emission is that it usually has
a relative long lifetime. It has been reported to be 1.62 ps in
Sb**-doped Cs,NaInClg double perovskites™ and 1.44 ps in one-
dimentional C4,N,H,,PbBr,.”* On the contrary, the lifetime of FE
emission in perovskite CsPbBr; is generally reported to be
several nanoseconds®>*»”* and the lifetime in single CsPbBr;
quantum dot can be as short as tens of picoseconds.” The
lifetimes of both peak-1 and peak-2 were measured by fixing the
detection wavelength at peak center under different tempera-
tures and the results are shown in Fig. 5a and b. It can be
noticed that the lifetime of peak-1 is obviously longer than that
of peak-2. The lifetime as a function of temperature exhibits
a rather complex feature but it can be well understood by
considering the thermal transformation from STEs to FEs,
which also lead to the non-single-exponential decay. All the
decay curves (Fig. 5a and b) are fitted with a biexponential
function.

It _ aleft/‘rl + azeft/‘rz

(3)

© 2022 The Author(s). Published by the Royal Society of Chemistry

Which includes a fast (7,) and a slow (t,) decay process with
amplitude represented by a; and a,, respectively. The fitting
results are revealed in Fig. 5c and d for peak-1 and peak-2,
respectively. The lifetime t; spans from 1.1 to 2.3 ns in the
concerned temperature range, consistent with previous reports
for FE emission,”>**”> whereas the value of 7, can be as large as
123 ns at 10 K, consistent with the prediction for STE emission.
The coexistence of fast and slow processes in each decay curve is
due to the overlap of peak-1 and peak-2 (see Fig. 2¢). In Fig. 5c,
the lifetime 7, decreases from 123 at 10 K to 32 ns at 100 K. That
is because the probability of thermal transformation from STEs
to FEs increases with rising temperature, which accelerates the
depletion of STEs. This transformation also leads to the
enhancement of FE emission in a short time (several nanosec-
onds) so the lifetime 7, increases with increasing temperature.
Except for the decrease section of 7; from 10 to 50 K, the life-
times of peak-2 shown in Fig. 5d both increase as the temper-
ature goes up. This result is consistent with previous reports
where the lifetime of FE in CsPbBr; increases with rising
temperature and many possible mechanisms such as dark-state
occupation, Rashba splitting induced direct-to-indirect band
gap, self-absorption induced photon recycle and trap-state
activation, have been proposed to understand this abnormal
phenomenon.**”> Here we would like to attribute it to the

RSC Adv, 2022, 12, 1035-1042 | 1039
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thermal transformation from STEs to FEs. The decrease section
of 7, from 10 to 50 K is consistent with the conventional semi-
conductors. It is generally attributed to the defect-induced non
radiative recombination, whose effect increases with increasing
temperature. We do not discuss the lifetimes measured above
100 K here, since the peaks merge into one so that the PL signal
does no longer have exclusive characters.

Above discussion all support that peak-1 is from STEs. It is
necessary and significant to figure out the conditions to observe
STE emission in CsPbBr;. Firstly, it can only be detected at low
temperature. When the temperature is higher than 70 K, the
STEs have been fully transformed to FEs. Secondly, the sample
must have high crystalline quality, with low defect and impurity
densities. This conclusion can be obtained by comparing the
spectra in Fig. 2a and d. It can be seen that the relative intensity
of STE emission (the ratio of peak-1 to peak-2) decreases greatly
after the sample was left in air for six months; at the same time
some defect concerned emission peaks appear between the FE
and STE peak. It indicates that the STE emission can be elimi-
nated by defect or impurity.

4. Conclusion

The steady and time-resolved PL spectra of CsPbBr; MCs were
measured within the temperature range from 10 to 300 K. The

1040 | RSC Adv, 2022, 12, 1035-1042

two main emission peaks were attributed to FE and STE
recombination, respectively. The STE emission can only be
observed below 70 K. The PL intensity variation of the two peaks
with respect to temperature can be understood as the thermal
transformation from STEs to FEs. The FWHM of the STE peak is
~124 meV at 10 K and its temperature evolution follows
a theoretical rule. The derived Huang-Rhys factor is ~12 and
the corresponding phonon energy is 15.3 meV. The lifetime of
STEs is 123 ns at 10 K, much longer than that of FEs. These
characterizations conform that of STE emission.
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