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All-inorganic layered halide perovskite CsPb,Brs has many potential applications due to its interesting
optical properties and long-term stability. However, its photoluminescence mechanism remains
controversial due to the contradiction between its indirect bandgap nature and experimental observation
of efficient green emission. The optical properties of CsPb,Brs are highly dependent on the sample
quality and preparation method, which is partially responsible for the controversy. Here, we prepared
high-quality millimeter sized CsPb,Brs single crystals using a saturated solvent evaporation crystallization
method. The non-emissive CsPb,Brs single crystals were found to convert into highly efficient green
emitters with emission enhancement of up to four orders of magnitude by a simple thermal annealing

iig:gteez Zzit:dAJuagnuuS;riozzozzz) process or irradiation with UV light or femtosecond laser pulses via multi-photon absorption. Through
comprehensive characterization studies and theoretical calculations, a mechanism of the thermally

DOI: 10.1039/d2ta06697a induced indirect-to-direct bandgap transition associated with defect formation was proposed to explain
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1 Introduction

Metal halide perovskites (MHPs) have found a wide range of
applications in solar cells,"* light-emitting diodes,** photode-
tectors,”® and lasers®™* owing to their intriguing optoelectronic
properties such as large absorption coefficients, high photo-
luminescence (PL) quantum efficiencies and long carrier
diffusion lengths."”>"* CsPb,Brs, a novel layered MHP with
a quasi-2D structure, displays interesting optoelectronic prop-
erties with a lot of potential applications'®****> thanks to its
excellent water resistance and long-term chemical stability
compared to traditional MHPs such as CsPbBr;.'**® However,
the PL mechanism of CsPb,Brs remains highly
controversial."®?® Theoretical calculations predicted that
CsPb,Brs is an indirect bandgap semiconductor and should be
PL-inactive,”?* which is supported by some experimental
results.”*** However, CsPb,Brs nanocrystals, microplates,*
and films'*'” have been found to display strong green emissions
and can act as promising candidates for light-emitting diodes
and laser devices. Several mechanisms have been proposed to
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the dramatic change in the optical properties of CsPb,Brs.

explain this controversy, such as the emissive CsPbBr; impu-
rity,"*?*>*® surface defects composed of different amorphous lead
bromide ammonium complexes,* and intrinsic defects in the
CsPb,Br; crystal lattice induced by the synthesis process.>® The
optical properties of CsPb,Brs, similar to those of other
MHPs,**** have been found to strongly depend on the sample
quality and preparation method.'?***?¢ For example, CsPb,Br;
prepared by a hot-injection method, in which the CsPbBr;
phase was an intermediate, displayed strong green emission
primarily arising from the embedded CsPbBr; phase.'****
Preparation of high-quality CsPb,Brs single crystals (SCs) is
critical for understanding their intrinsic optical properties to
explore their potential optoelectronic applications.
High-quality CsPb,Brs SCs have been previously synthesized
using an anti-solvent vapor crystallization (AVC) method.>* The
AVC method relies on diffusion of methanol (anti-solvent) into
dimethyl sulfoxide solvent to initiate nucleation, which is very
time-consuming and may take up to a few weeks. The saturated
solvent evaporation crystallization (SSEC) method, which is
known to be timesaving, straightforward, and highly repeatable,
has been successfully utilized to prepare high-quality organic-
inorganic hybrid and all-inorganic MHPs such as MAPbI; (ref.
32) and CsPbBr;.* Given the good solubility of PbBr, and CsBr
in HBr solution and excellent volatility of HBr, the SSEC method
could be a good alternative for synthesizing CsPb,Br; SCs.
Herein, we have successfully synthesized high-quality
CsPb,Brs SCs with a size of up to 2 x 2 x 0.5 mm within 6
hours using the SSEC method. The high quality of the prepared
CsPb,Brs SCs allowed us to fully investigate their intrinsic

This journal is © The Royal Society of Chemistry 2023
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optical properties. A simple thermal annealing treatment was
found to result in conversion of CsPb,Brs; SCs from PL-inactive
materials to efficient green light emitters. Comprehensive
investigation and characterization suggest a mechanism of
indirect-to-direct bandgap transition associated with thermally
induced defects, which was also verified by theoretical first-
principles calculations. The PL inactive-to-active transition of
CsPb,Br5 SCs has also been activated by photothermal effects by
using UV light irradiation or femtosecond (fs) laser pulses via
three-photon-absorption. This unique thermally driven
indirect-to-direct bandgap transition allows remarkable opto-
electronic tunability of CsPb,Brs, facilitating its potential
applications in anti-counterfeiting, micro-nano light fabrica-
tion, and information storage.

2 Experimental section
2.1 Preparation of CsPb,Br; single crystals

1 mmol cesium bromide (CsBr, 99.99%, Sigma-Aldrich), 2 mmol
lead(u) bromide (PbBr,, =98%, Sigma-Aldrich), and 10 mL of
hydrobromic acid (HBr, 48 wt% in H,0, =99.99%, Sigma-
Aldrich) were mixed in a round-bottomed flask and subse-
quently heated at 100 °C under magnetic stirring for 2 hours
until the solution gradually became transparent. The reaction
mixture was then quickly transferred to a Petri dish. Upon
gradually cooling the mixture solution and evaporation of the
HBr solvent, CsPb,Brs SCs gradually nucleated and grew to 2 x
2 x 0.5 mm within 6 hours. CsPb,Brs SCs were annealed using
a DHG-9055A hot air-drying oven.

2.2 Characterization of pristine and annealed CsPb,Br;
single crystals

Absorption spectra were measured on a UV-vis spectropho-
tometer (UV3600, SHIMANZU). Photoluminescence (PL) and
photoluminescence excitation (PLE) spectra were measured on
a HORIBA FluoroMax-4 spectrofluorometer. The XRD patterns
were collected using a Bruker-AXS D8 Advance X-ray diffrac-
tometer with Cu-Ke. (A = 1.5418 A) in the 26 range of 10°-70°
with a step size of 0.02° and a time setting of 0.05 s per step.
Transmittance electron microscopy (TEM) and high-resolution
TEM (HR-TEM) measurements were conducted in a high
vacuum at 7 x 10~ torr using an FEI Titan 80-300 with a beam
voltage of 15 and 200 kV for TEM and HRTEM, respectively.
CsPb,Brs SCs were crushed into powder and then dispersed in
cyclohexane before dropping onto an ultrathin carbon film
supported copper grid (300 mesh) for TEM and HRTEM
measurements. Scanning electron microscopy (SEM) and
energy dispersive X-ray spectroscopy (EDS) were conducted in
a high vacuum at 9 x 107> Pa using a JEOL JSM-6701f with
beam voltages of 5 and 15 kV for SEM and EDS, respectively.
CsPb,Br; SCs for SEM and EDS measurements were transferred
to a SiO,/Si substrate followed by a 10 nm Pt spray treatment. In
situ X-ray photoelectron spectroscopy (XPS) measurement was
performed using a SPECS system with an XR-50 X-ray Mg Ko
(1253.7 eV) source. The sample was grown on a SiO,/Si substrate
and annealed at 200 °C in a chamber with a vacuum pressure of
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5.0 x 10~ "° mbar. Data were collected separately at annealing
times of 15, 30, and 60 min. Time-resolved photoluminescence
(TRPL) decay profiles were measured on a HORIBA Fluorolog
system under excitation at 375 nm using a NanoLED. The
emission signals were detected using an R928P PMT and pro-
cessed using a time-correlated single photon-counting (TCSPC)
system.

2.3 First-principles calculations

DFT calculations were performed using the Vienna ab initio
simulation package (VASP), followed by data processing with
the VASPKIT code.** The projector augmented wave (PAW)
pseudopotentials were used, and the Perdew-Burke-Ernzerhof
(PBE) functional of the generalized gradient approximation
(GGA) was chosen as an exchange-correlation functional. Note
that accurate bandgap calculations require using hybrid func-
tionals (e.g., HSE06). Since we are mainly concerned with the
changes in the DOS and band structure of CsPb,Br; before and
after annealing and are limited by computational power, only
PBE functional was used in this work. The perfect and defective
2 x 2 x 2 supercells were modeled with Materials Studio 2019.
We set a 2 x 2 x 1 Monkhorst-Pack (MP) grid in the first Bril-
louin zone integrations for geometry optimization. The energy
cutoff was set to 320 eV. Four high-symmetric k-points were set
for band structure calculations, including: P (1/4, 1/4, 1/4), N (0,
1/2,0), T (0,0, 0), and M (1/2, 1/2, —1/2). The atoms were relaxed
until the energy converged to less than 107" eV and the absolute
values of maximum force on atoms were less than 0.02 eV A™*.
VESTA was employed to display all crystal structures, and the
post-processing VASPKIT code was used to deal with the VASP
calculation data.

2.4 Laser writing and reading

Laser writing and reading processes and multi-photon absorp-
tion measurements were carried out on a homemade micro-
scope imaging system (Fig. S1f) combined with an fs laser. A
mode-locked Ti:sapphire laser (Chameleon Ultra II, Coherent)
gave output laser pulses with a central wavelength of 800 nm,
a repetition rate of 80 MHz, and a pulse duration of 140 fs. The
femtosecond laser beam was focused onto the samples using
a 50x objective lens (N.A. = 0.3) with a focus radius of ~1 um.
The emission signals of the samples were collected using the
same objective lens and passed through a bundled optical fiber
to a monochromator (Acton, Spectra Pro 2300i) coupled with
a CCD (Princeton Instruments, Pixis 100B). Laser writing was
performed in line sweep mode on a PInano® XYZ Piezo System
at a line sweep speed of 1 um s~'. Laser reading was performed
using a square sweep mode for five focus planes. The laser
intensities used for laser writing and reading were 3 mJ cm 2
and 0.08 mJ cm ™2, respectively.

3 Results and discussion

The single crystals (SCs) studied in this work were prepared by
a facile and easily reproducible SSEC method as shown in
Fig. 1a. The detailed synthesis procedures are described in the
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(@) Schematic diagram of the synthesis of CsPb,Brs SCs. (b) Photographs of CsPb,Brs SCs before (i and ii) and after (iii and iv) thermal

annealing under daylight (i and iii) and UV light illumination (ii and iv); the scale bar is 4 mm. (c) PL intensity contour mapping of CsPb,Brs SCs after
thermal annealing at different temperatures for different time periods; Aex = 375 nm. (d and e) Absorption (d) and fluorescence (e) spectra of
CsPb,Brs SCs before and after annealing treatment. The annealing condition in (b), (d), and (e) is 150 °C for 8 h.

Experimental section. Precession images (Fig. S2at) derived
from single crystal XRD (SC-XRD) measurements demonstrate
that the pristine SCs were pure single crystals with no signs of
additional phase or twinning, matching well with the tetragonal
CsPb,Brs phase with an I4/mcm space group. The R, value for
single crystal structure refinement is as low as 2.2%. The
powder XRD results are consistent with the SC-XRD results. The
XRD pattern of the pristine SC-powder matches well with that of
tetragonal phase CsPb,Brs (JCPDS no. 25-0211) without
diffraction peaks corresponding to other phases (Fig. 2a). The
obtained pristine CsPb,Br; SCs were transparent under daylight
and non-emissive under ultraviolet (UV) light illumination
(Fig. 1b(i and ii)). The non-emissive properties are consistent
with the intrinsic indirect bandgap nature of CsPb,Br5, which
also confirms the high purity of the obtained CsPb,Brs SCs. The
pristine CsPb,Brs SCs displayed strong absorption in the UV
range with an onset at 365 nm (Fig. 1d). An indirect bandgap of
3.4 eV was obtained by using the Tauc method (Fig. S37),>>*
which is in good agreement with the result obtained from
density functional theory (DFT) calculations (3.41 eV).>*

It is interesting to observe that the PL-inactive pristine
CsPb,Br; SCs became PL-active after a simple thermal anneal-
ing treatment (Fig. 1b, ¢ and e). Fig. 1b shows photographs of
the annealed CsPb,Brs SCs under daylight (iii) and UV light (iv)
illumination after annealing at 150 °C for 8 h. The annealed
CsPb,Brs SCs appeared yellow under daylight and emitted
strong green light under UV light illumination. Fig. 1c and S4F
show the PL intensity contour mapping and the corresponding
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PL spectra of CsPb,Br5 SCs after thermal annealing treatment at
different temperatures for different times. Effective conversion
was observed at an annealing temperature above 100 °C. The
optimum PL emission was achieved under annealing at 150 °C
for 8 h with the integrated intensity enhanced by a factor of 11
000. Further annealing resulted in a reduction in PL intensities.
For annealing temperatures higher than 200 °C, the PL intensity
reached the optimum within two hours and quickly decreased
with prolonged annealing. Fig. 1d shows that the absorption
spectrum of the annealed CsPb,Brs SCs (150 °C, 8 h) was
distincetly different from that of the pristine sample. Although
both pristine and thermally annealed CsPb,Brs; SCs displayed
strong absorption in the UV range, the annealed CsPb,Brs SCs
exhibited an additional absorption shoulder from 365 to
515 nm, suggesting a reconfiguration of the electronic struc-
ture. Under excitation at 375 nm, the annealed CsPb,Br; SCs
displayed a strong green light emission peaking at 534 nm with
a corresponding PL quantum yield (PLQY) of 32%, in striking
contrast with the extremely weak emission from the pristine
CsPb,Br; SCs (Fig. 1e).

It has been previously shown that non-emissive CsPb,Brs
could convert to green-emitting CsPbBr; at high temperatures
(>400 °C).>**” We indeed observed the conversion of CsPb,Brs
SCs to CsPbBr; under annealing at 400 °C (Fig. S51), resulting
from melt-recrystallization of CsPb,Brs; SCs. However, the
results obtained under annealing at 400 °C are totally different
from those obtained under moderate thermal annealing
conditions (<250 °C) as in our current work. The precession

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (a) Powder-XRD patterns of CsPb,Brs SCs before and after annealing at 150 °C for 8 h. (b) Raman spectra of the pristine and annealed

CsPb,Brs SCs. (c) PL spectra of the annealed CsPb,Brs SCs after immersion in water for 8 days. Insets show photographs of the annealed
CsPb,Brs5 SCs under UV light excitation on day 1 and day 8. (d) PL and PLE spectra of the annealed CsPb,Brs SCs and CsPbBrs NCs. () TRPL decay
curves of the annealed CsPb,Brs SCs and CsPbBr< NCs. (f) Power dependent emission intensities of the annealed CsPb,Brs SCs and CsPbBrz NCs.

images of annealed CsPb,Brs SCs (150 °C, 8 h) (Fig. S2bt)
derived from SC-XRD measurement were almost identical to
those of pristine CsPb,Brs SCs (Fig. S2af), indicating that the
single crystal structure of CsPb,Br; did not change after 150 °C
annealing. The only difference in SC-XRD is the slight increase
in the R, value from 2.2% to 3.2% after thermal annealing,
indicating reduced crystal quality after thermal annealing. The
decreased crystallinity caused by thermal annealing was also
supported by the powder XRD results as shown in Fig. S2c.t The
full width at half maximum (FWHM) of the diffraction peak
(002) located at 11.75° gradually increased from 0.067 to 0.136
as the annealing time gradually increased from 0 to 8 h at 150 °
C. However, the powder XRD results showed no change in the
overall XRD pattern and no additional diffraction peaks (Fig. 2a
and S2ct) after thermal annealing, suggesting that the overall
crystal structure of CsPb,Brs did not change after thermal
annealing at 150 °C, in agreement with the SC-XRD results.
CsPb,Brs SCs also displayed identical powder-XRD patterns to
pristine CsPb,Brs even after thermal annealing treatments for
24 h at different temperatures (25-250 °C) (Fig. S6T). Rietveld
refinement of powder XRD indicates that the thermal annealing
of CsPb,Br5 SCs at 200 °C for 4 h did not produce any new phase
(Fig. S7f). These XRD results prove that the mild thermal
annealing treatment in our experiments (<250 °C) did not
prominently change the crystal structure of CsPb,Brs. In addi-
tion to the XRD measurements, the Raman spectra of CsPb,Br;
SCs did not change significantly before and after thermal
annealing (150 °C, 8 h) (Fig. 2b). The CsPbBr; phase typically
shows a characteristic Raman peak at 310 cm ™ *,2> which was not
observed in both the pristine and annealed CsPb,Brs SCs

This journal is © The Royal Society of Chemistry 2023

(Fig. 2b). Furthermore, both the transmission electron micro-
scope (TEM) images of CsPb,Brs SCs-powder before and after
annealing treatment (150 °C, 8 h) did not show any nanocrystals
embedded in the host CsPb,Br; framework (Fig. S8a and b¥).
Only the cystal lattice planes corresponding to CsPb,Br; were
observed in the high-resolution TEM (HRTEM) images
(Fig. S8ct). It is well known that CsPbBr; is sensitive to humidity
and will decompose easily in water, leading to PL quenching.*®**
However, the green emission of the annealed CsPb,Brs SCs
(150 °C, 8 h) retained 90% of the original intensity even after 8
days of immersion in water (Fig. 2c and S9%). These results
indicate that the observed dramatic changes in UV and PL
spectra under mild thermal annealing (<250 °C) did not result
from possible conversion from CsPb,Br; SCs to CsPbBrs;.

As XRD measurements may not be sensitive enough to the
trace amount of embedded nanocrystals in the host CsPb,Br5
crystal framework and TEM measurements may not reflect the
overall characteristics, methods that are more sensitive to trace
impurities are needed to investigate the annealed CsPb,Br; SCs
to clarify the controversy. PL excitation (PLE) spectroscopy is
a sensitive optical technique that allows the detection of small
amounts of emissive species. Pure CsPbBr; NCs were also
prepared and characterized under the same conditions for
direct comparison. Fig. 2d shows that the PL and PLE spectra of
the annealed CsPb,Brs; SCs were distinctly different from those
of pure CsPbBr; NCs. The PL peak of the annealed CsPb,Brs SCs
appeared at 534 nm versus 515 nm for CsPbBr; NCs. PLE spectra
show that the green light emission of the annealed CsPb,Brs
SCs primarily arises from the excitation in the 365-515 nm
range, corresponding to the thermal annealing-induced new

J. Mater. Chem. A, 2023, 11, 4292-4301 | 4295
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emissive species, with little contribution from the excitation
with wavelengths shorter than 350 nm. The absorption spectra
(Fig. S107) and time-resolved PL (TRPL) decay curves (Fig. 2e) of
the annealed CsPb,Brs; SCs and pure CsPbBr; NCs were also
distinctly different from each other. The absorption spectrum of
CsPbBr; NCs exhibited an excitonic resonance at ~510 nm and
strong absorption in the UV range associated with the transition
to higher energy bands.** In contrast, the absorption of
annealed CsPb,Brs SCs in the visible range appeared more like
the Urbach tail caused by defects.*>** The annealed CsPb,Br5
SCs displayed a much longer PL lifetime (174 ns) than CsPbBr;
NCs (5.1 ns) (Fig. 2e). The short PL lifetime of CsPbBr; NCs is
consistent with their origin of exciton emission with large
oscillator strengths.** The much longer PL lifetime of the
annealed CsPb,Brs SCs implies their defect origin. Point defects
such as vacancies can be formed easily in the Cs-Pb-Br
compounds due to low formation energies.***® These defect-
induced energy levels are expected to locate near the conduction
band (CB)/valence band (VB)**¢ and may form a new extended
bandgap for the larger bandgap CsPb,Brs. Furthermore, the PL
excitation power-dependencies are also different for the
annealed CsPb,Brs; SCs and pure CsPbBr; NCs (Fig. 2f and
S117). The slope of log-log plot of emission intensity against
excitation power was 1.04 for pure CsPbBr; NCs, consistent with
the fact of the exciton origin of the PL.***” In contrast, the cor-
responding slope for the annealed CsPb,Brs; SCs was 0.84,
suggesting a defect-related nature of the observed PL emis-
sion.”® These results demonstrate that the observed green
emission in the annealed CsPb,Brs SCs had totally different
origins from that of CsPbBr; NCs. The thermally induced
CsPbBr; NCs impurity phase, if present, played a minor role in
the observed green emission of the annealed CsPb,Br; SCs.

It is interesting to note that the annealed CsPb,Brs; SCs
exhibited remarkable stability in the ambient atmosphere. No
obvious changes were observed in the powder-XRD patterns
(Fig. 3a) and absorption spectrum (Fig. 3b) after storage for up
to 400 days in the ambient atmosphere, indicating no apparent
sign of decomposition for CsPb,Brs SCs. The PLQY of the
annealed CsPb,Br; SCs remained nearly unchanged before and
after storage for 400 days (Fig. 3c). Unlike CsPbBr3, which can be
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easily decomposed in water, the excellent stability of CsPb,Br5
against moisture prevents its decomposition in the ambient
atmosphere. The stability of CsPb,Brs lies in its unique layered
structure, in which the interionic forces between Cs' and
[Pb,Br;]~ are stronger than the ion-dipole forces between Cs"
and H,0, allowing CsPb,Br; to stay stable even after immersion
into water. Based on the XRD measurement results, it was found
that thermal annealing did not change the crystal structure of
CsPb,Brs SCs. Consequently, CsPb,Brs SCs retained their
layered structure and maintained excellent water stability to
display stable photoluminescence. The excellent stability of the
annealed CsPb,Brs SCs suggests their potential applications in
highly stable single-crystal optoelectronic devices.

To understand the thermal annealing induced change in the
electronic structure of CsPb,Brs SCs, in situ X-ray photoelectron
spectroscopy (XPS) of CsPb,Brs SCs was utilized to monitor the
evolution of surface elements during thermal annealing
(Fig. 4a, b and S121). The binding energies of Cs 4d;,,, Cs 4dss,
Br 3d;/,, Br 3ds,, Pb 4f5),, and Pb 4f;, of the pristine CsPb,Br;
SCs were 77.3, 75.1, 69.5, 68.4, 143.8, and 138.9 eV, respectively,
consistent with a previous report.'® After annealing at 200 °C for
1 h, the intensities of Br (3ds;, & 3ds,) and Pb (4f5,, & 4f;),)
decreased while those of Cs (4ds, & 4dsp,) increased. The
decreased intensities of Pb and Br indicate the release of Pb and
Br from the surface, leaving Pb vacancies (Vpp,), Br vacancies
(Vsr), and highly uncoordinated Pb** (Fig. 4a and b).**2 These
uncoordinated Pb>" ions exhibit characteristics of metallic Pb,
as manifested by the Pb° shoulder at the lower binding energy
side of Pb 4f (Fig. 4b).”** On the other hand, the increased
intensity of Cs suggests that the Cs' ions inside the crystal
gradually moved to the surface after annealing, resulting in
a new shoulder at the lower binding energy side of Cs 4ds,
(Fig. 4a).>® The possible origin of this new shoulder due to
metallic Cs® can be excluded as metallic Cs® has a higher
binding energy than Cs".>® In the XPS measurements, the
position and shape of binding energy can be influenced by
factors such as charge accumulation at interfaces and surface
charge accumulation.”” The accumulation of Cs" on the surface
induced by thermal annealing could lead to generation of
dipole fields and deviations in photoelectron energies, resulting
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Fig. 3 (a) Powder-XRD patterns of the annealed CsPb,Brs SCs after

exposure in the ambient atmosphere for 0/100/200/400 days; (b)

Absorption spectra of annealed CsPb,Brs SCs after exposure in the ambient atmosphere for 0/100/200/400 days; (c) PL spectra and the cor-
responding PLQYs of annealed CsPb,Brs SCs after exposure in the ambient atmosphere for 0 and 400 days.
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(a and b) In situ XPS patterns of Cs, Br, and Pb elements during thermal annealing (200 °C, 1 h). (c) DOS of CsPb,Brs with different defect

concentrations. Defect concentrations of (Csp, and Vg,) are marked in the upper left corner of each panelin cm™>. The VBM energy issetto 0 eV
for convenience in comparison. (d and e) The charge density of perfect CsPb,Brs at the CBM and VBM. (f and g) The charge density of defective
CsPb,Brs near the defect Vg, and Cspy,. Yellow represents charge distribution, and the iso-surface value is set to 0.001 e A3 for all four cases.

in a new shoulder at the lower energy side.*® The decrease in the
molar ratios of Br and Pb and increase in Cs were also sup-
ported by the data of SEM-energy dispersive X-ray spectroscopy
(SEM-EDS) (Fig. S137). The excess Cs' tends to fill up the Pb
vacancies due to electrostatic attraction, forming Cs-Pb anti-
sites (Cspp). Furthermore, the binding energies of Cs, Pb, and
Br were found to shift towards the higher energy side (Fig. 4a
and b), suggesting that the crystal surface became more n-type
after annealing,*>® resulting from the formation of donor-like
Vg, defects. The ultraviolet photoemission spectroscopy (UPS)
results showed that the Fermi level of the annealed CsPb,Brs
SCs shifted upward to near the CB after thermal annealing at
200 °C for 1 h (Fig. S14t), indicating that the crystal surface of
the annealed CsPb,Brs became more n-type. These results
demonstrated that thermal annealing resulted in formation of
a significant amount of surface defects (Vg and Cspp).

These defects may alter the electronic structure of CsPb,Br;
and affect its optical properties. The influence of defects on the
electronic structure of CsPb,Brs was explored by conducting
DFT calculations with the Vienna ab initio simulation package
(VASP) code, followed by data post-processing with the VASPKIT
code.** Calculation details are described in the Experimental
section. Fig. 4c shows the calculated projected density of states
(DOS) of CsPb,Br; with different defect concentrations of Cspy,
and Vg,. The corresponding band structures are shown in
Fig. S15.7 For pristine CsPb,Brs without any defect, the valence
band maximum (VBM) consists of the hybridization of Br 4p
and Pb 6s states; the conduction band minimum (CBM) mainly
consists of Pb 6p states, resulting in a calculated bandgap of 3.1
eV (Fig. 4c, top panel). The calculated bandgap was smaller than

This journal is © The Royal Society of Chemistry 2023

the experimental value due to the limitation of the generalized
gradient approximation (GGA) scheme in DFT calculations.****
Despite underestimating the bandgap, DFT calculations can
demonstrate the trend of variation in the electronic structure of
CsPb,Brs with defect concentrations. After introducing a low
concentration of Cspp, and Vi, (10", 10"7), defect energy levels
appear at 0.35 eV above the VBM and 0.44 eV below the CBM,
respectively. With a gradual increase in the defect concentration
from (107, 10"") to (4 x 10", 10'®), the localized defect energy
levels progressively broaden and eventually evolve into two
defect energy bands that extend into the original VB and CB
(Fig. 4c). As the defect concentration increases, the evolution of
the defect energy levels into defect energy bands is also reflected
in band structures (Fig. S151). Besides, the original CB tends to
move downward and deeper with the increasing defect
concentration (Fig. 4c), because defect-induced lattice disorder
influences the original band structures. A similar trend has also
been previously reported in the double perovskite Cs,AgBiBrs.*
High-temperature synthesis of Cs,AgBiBre induces more anti-
site defects that can cause lattice disorder, resulting in
a downward shift of the CB and a reduced bandgap.* The
presence of Vg, and Cspy, will therefore result in formation of
two defect energy bands and the downward shift of the original
CB, leading to a reduction in the bandgap of CsPb,Brs, which is
responsible for the additional absorption shoulder in the 365-
515 nm range of the annealed CsPb,Br; SCs (Fig. 1d).

An impressive feature of this additional absorption shoulder
is the dramatic increase of the absorption near the band edge
with a factor of more than 200 within 0.1 eV photon energy
(Fig. S161). In contrast, the absorbance near the band edge of
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pristine CsPb,Br; increases by a factor of only 30 within 0.4 eV.
Such a dramatic increase in the absorbance slope near the band
edge suggests a transition from an indirect to a direct
bandgap.®*® The absorbance near the band edge follows a very
different formula for direct and indirect bandgap semi-
conductors (see details in the ESIf). Direct bandgap semi-
conductors show a dramatic increase in absorbance when
photon energy is just above the bandgap. In contrast, the
absorbance near the band edge increases slowly with photon
energy for indirect bandgap semiconductors, followed by
a speedy increase due to photon energy being high enough to
allow direct optical absorption. The second signature of the
indirect-to-direct bandgap transition of CsPb,Brs SCs is the
significant PL enhancement after thermal annealing. Due to the
indirect bandgap nature of pristine CsPb,Brs SCs, the radiative
transition requires participation of phonons to satisfy
momentum conservation, which is very inefficient with hardly
detectable emission. In contrast, the PLQY of the annealed
CsPb,Brs SCs achieves 32%, suggesting that direct radiative
transition occurs without phonon participation in the annealed
CsPb,Br; SCs. A similar indirect-to-direct bandgap transition
induced significant PL enhancement of 10*-fold was found in
MoS, undergoing a transition from the indirect bandgap of bulk
MosS, to the direct bandgap of monolayer MoS,.*” The third
piece of evidence for the indirect-to-direct bandgap transition of
CsPb,Brs is variation of k-vectors of the CBM and VBM during
the optical transition. The CBM and VBM of a direct bandgap
have the same electron momentum (k-vector) in the first Bril-
louin zone, while the k-vectors of the CBM and VBM are
different in indirect bandgaps. The k-vectors of the VBM (N) and
CBM (I') of pristine CsPb,Brs are different in k-space
(Fig. S17at), indicating its indirect bandgap nature. The square
of the transition dipole moment (TMD?) for pristine CsPb,Brs; is
zero at the VBM and CBM (Fig. S17ct), indicating that the direct
optical transitions at the VBM and CBM are forbidden, consis-
tent with the indirect bandgap nature of pristine CsPb,Brs.
Fig. 4d and e show that the charge densities (wavefunctions) of
pristine CsPb,Br;s at the VBM and CBM are also separated in
real space and located around Br atoms and Pb atoms, respec-
tively. In contrast, the VBM and CBM of the annealed (defective)
CsPb,Br5; move to the same k-vector (N) (Fig. S17bt), suggesting
a transition from the indirect bandgap of pristine CsPb,Brs to
a direct bandgap for CsPb,Brs; with a high concentration of
defects. The moderate TMD? value at the N point indicates that
the direct optical transitions between the CBM and VBM
become allowed (Fig. S17df) in the defective CsPb,Brs. The
charge density of the defective CsPb,Brs enriches around the
Cspp and Vg, (Fig. 4f and g). The highly localized charge distri-
bution enhances the wavefunction overlap between electrons
and holes on the two defect states, thus promoting the radiative
recombination between the electrons and holes, rationalizing
the efficient green emission of the annealed CsPb,Br; SCs.
Apart from thermal annealing treatment, the PL enhance-
ment of CsPb,Br; SCs can also be achieved by photothermal
effects, including normal UV light and femtosecond (fs) laser
irradiation-induced photothermal effects. Fig. 5a and S18f
show that the UV light irradiation of CsPb,Brs SCs with a 150 W
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xenon-lamp can gradually induce a green light emission, while
the CsPb,Brs SCs without UV light irradiation have no light
emission. Powder XRD measurements showed no additional
diffraction peaks corresponding to other phases after UV light
irradiation (Fig. S18bt), consistent with the result of thermal
annealing treatment. Water stability (Fig. S18ct) and time-
resolved PL measurements (Fig. S18df) were also performed
on UV light irradiated CsPb,Brs SCs. The PL of UV light irradi-
ated CsPb,Br; SCs was stable in water for 48 hours (Fig. S18ct).
If the PL comes from the transformed CsPbBr;, it will be quickly
quenched as CsPbBr; is unstable in water. Besides, the UV light
irradiated CsPb,Brs SCs exhibited an average PL lifetime of 708
ns (Fig. S18dt), much longer than the PL lifetime of CsPbBr;
nanocrystals (5.1 ns), which also excludes the possibility of PL
origin of the UV light irradiated CsPb,Br; SCs due to CsPbBr;
nanocrystals. The fs laser irradiation can also activate the PL of
CsPb,Br; SCs due to the multi-photon absorption-induced
photothermal effect (Fig. 5b). A microscopy system integrated
with an fs laser system at 800 nm (Fig. S11) was employed to
initiate multi-photon absorption. Under irradiation with laser
pulses at 800 nm, CsPb,Br; SCs can be excited via three-photon
absorption to emit very weak broadband emissions from 450 to
750 nm (Fig. S19at). The excitation nature of three-photon-
absorption can be verified by the slope of ~3 for a log-log
plot of the emission intensity versus the excitation power
(Fig. S19bt). Fig. 5b and c show that under continuous irradi-
ation with an 800 nm fs laser beam, green emission from
CsPb,Br; SCs appeared rapidly within the first few minutes and
reached the optimum after 10 min with an enhancement of
nearly four orders of magnitude, followed by a slight decrease in
the emission intensity with further prolonged irradiation time.
As the CsPb,Br; SC under fs laser irradiation was localized at
the area of submicron level, the fs laser irradiated sample is not
suitable for XRD measurements. However, water stability and
PL-lifetime measurements (Fig. S18e and f{) exclude the
possibility of the laser induced conversion from CsPb,Brs to
CsPbBr;. The observed PL enhancement of CsPb,Brs SCs
induced by UV light and fs laser irradiation is believed to orig-
inate from the same mechanism as thermal annealing due to
photothermal effects. Taking advantage of the significant
emission enhancement and the sub-micron scale localized
excitation of three-photon absorption, the fs-laser-induced PL
enhancement of CsPb,Br; SCs could be utilized to demonstrate
data storage and anti-counterfeiting in a sub-micron size. As
shown in Fig. 5d, customized patterns or information can be
‘written’ on a specific focal plane and ‘read’ only on the same
focal plane. An example is shown in Fig. 5e. An ‘NUS’ pattern
with a resolution of sub 1 pm was directly ‘written’ on a CsPb,-
Brs SC using a focused fs laser pulse at 800 nm (3.0 mJ cm ™ 2).
The obtained pattern was read out by two-photon excitation
fluorescence mapping with identical resolution under excita-
tion with a weaker fs laser beam at 800 nm (0.08 mJ cm ™). The
two-photon excitation nature of the emission from the irradi-
ated CsPb,Brs SC was verified by its nearly squared excitation
power dependency (Fig. S19c¢ and df). The fluorescence
mapping results became blurred significantly when the
‘reading’ plane moved away from the ‘writing’ plane for 5 pm

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 PL spectral evolution of CsPb,Brs SCs under irradiation with (@) 350 nm xenon-lamp (150 W) and (b) 800 nm fs laser pulses with a power
intensity of 3 mJ cm~2; (c) evolution of integrated PL intensity (450-600 nm) versus the irradiation time under 800 nm fs laser irradiation; (d)
schematic diagram of laser writing and reading, and the optical image of CsPb,Brs SC used for laser writing and reading. (e) An ‘NUS’ pattern is
‘written’ using a 3 mJ cm 2 focused 800 nm fs pulsed laser at a specific focus plane (focus = 0 um) and read out at different focus planes (from
—10 to 10 um) using a focused 0.08 mJ cm~2 800 nm fs pulsed laser. The scale bar (white line) is 5 pm.

and almost totally disappeared for 10 pm (Fig. 5d and e). This
simple demonstration suggests potential applications of
CsPb,Brs SCs in 3D optical data storage, micro-nano light
source fabrication, and optical anti-counterfeiting.

4 Conclusions

In summary, we have utilized a saturated solvent evaporation
crystallization method to prepare millimeter sized high-quality
layered perovskite CsPb,Brs, which was found to undergo PL-
inactive-to-active transition under mild thermal annealing.
The distinct changes in the optical properties of CsPb,Brs SCs
were confirmed to arise from thermally induced Vg, and Cspp, as
verified by XRD, XPS, SEM-EDS, and DFT calculations. These
defects generate additional defect energy bands that extended
from the VBM and CBM and make direct optical transitions
possible, resulting in bandgap reduction and indirect-to-direct
bandgap transition. A similar transition was also observed by
photothermal effects by irradiation with UV light or femto-
second laser pulses via multi-photon absorption. Our findings
provide new insights on understanding the optoelectronic
properties of CsPb,Brs, which may facilitate its applications in
anti-counterfeiting, micro-nano light sources, information
storage, and optoelectronic devices.
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