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Abstract: Repeated absorption of emitted photons, also called photon recycling, in large
crystals and thick films of perovskites leads to delayed photoluminescence (PL) and decrease
of PL intensity. The role of distinct bandgaps, which act as donors and acceptors of energy, and
nonradiative energy transfer on such delayed, low intensity emission is yet to be rationalized.
Here we report delayed emission by nonradiative energy transfer across a distribution of
energy states in close-packed crystallites of cesium lead bromide (CsPbBr3), formamidinium
lead bromide (FAPbBT3), or the mixed halide [FAPb(Brl)3] perovskite synthesized in the form
of thick pellets by the piezochemical method. The PL lifetime of the bromide-rich domain in
the mixed halide pellet is considerably decreased when compared with a pure FAPbBr3 pellet.
Here the domains with higher bromide composition act as the energy donor, whereas the
iodide-rich domains are the acceptors. Time-resolved PL measurements of CsPbBr3, FAPbBr3,
and the mixed halide FAPb(BrI); perovskite pellets help us to clarify the role of nonradiative
energy transfer on photon recycling.

Keywords: perovskite, piezochemistry, energy transfer, photoluminescence, photon recycling

Rapid advancement in the electrooptical and photovoltaic technologies transpires with the

development of lead halide perovskites, which is owing to their excellent optical and charge
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carrier properties. These perovskites form active parts of solar cells, ['*®) LEDs, [l Jasers, [1e1]

1eh] In particular, the low exciton binding energy and long-range

and optical detectors.!
diffusion of photogenerated charge carriers make them promising for heterojunction solar
cells.”?) Recently, photon recycling in perovskites is proposed to have a positive impact to solar

3ab] This recycling phenomenon occurs in the bulk films and large crystals of perovskites,

cells.!
which is the result of repeated absorption and emission of photons.[**¢* Thus, the effective
PL lifetime increases in such samples. For example, Motti et al. detected an increase in PL
lifetime from 4 ns to 1 ps or longer in a quasi-two-dimensional (2D)/3D lead iodide perovskite
film,"% which is due to the reabsorption of photons emitted from the higher bandgap quasi-2D
layer by the lower bandgap 3D layer.

Apart from the multiple radiative absorption-emission events in photon recycling, the
distribution of energy states or bandgaps should facilitate nonradiative energy transfer. Energy
cascading is known for compositionally homogenous perovskite aggregates and films, which
takes place across different crystallites with closely-spaced energy states.*** In samples with
varied perovskite compositions, energy transfer takes place from the larger bandgap (donor) to
the smaller bandgap (acceptor) parts, which is assigned to Forster resonance energy transfer
(FRET).I*! Nonetheless, the relations of nonradiative energy transfer in pure and mixed halide

perovskites to delayed emission remain poorly understood. Although we recently detected

nonradiative energy transfer from bromide to iodide perovskites,'®! the energy transfer through
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a distribution of closely-spaced energy states in close-packed pure halide perovskite is
intriguing. In this work, we find delayed emission by photon recycling through nonradiative
energy transfer across continuous donor-acceptor states, which is by preparing pure CsPbBr3 or
FAPDbBr3, or mixed halide FAPb(Brl); perovskite samples. These samples are prepared by the
piezochemical method by applying the pressure to the respective precursor solid solutions,
providing submicron-to-micron size crystallites closely packed. The samples are characterized
by X-ray diffraction (XRD), diffused reflectance, and PL measurements. We confirm the
distribution of bandgaps in close-packed pure halide perovskites by the measurement of PL
maxima of isolated crystallites. Distinct PL maxima ranging from ca 530 nm to ca 560 nm are
detected for different crystallites collected from a FAPbBr3 pellet. The mixed halide
FAPDb(Brl); perovskite with distinct bromide- (donor) and iodide-(acceptor) regions help us to
assign the delayed emission by photon recycling to nonradiative energy transfer.

The role of mechanical force in synthesizing perovskites is well known.!”) Combined with
this fact and the abundance of silicate perovskites in the mantle of Earth,®! we utilized pressure
as the reaction force in the preparation and close-packing of CsPbBr; and FAPbBr3
perovskites. A scheme of synthesis of these samples is shown in Figure 1. Details of synthesis
and characterization of CsPbBr3;, FAPbBr; and FAPb(Brl); are provided in the Experimental
Section. We characterized these perovskite samples by X-ray diffraction (XRD) studies and by

comparing the XRD patterns in the literature. Figure 2a (iv) and (v) are the XRD patterns of
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Figure 1. A scheme of synthesis and close-packing of CsPbBr3; or FAPbBr3 perovskite

samples.

CsPbBr3; and FAPbBr; perovskites, respectively. The diffraction peaks of CsPbBr3 are assigned
to the cubic Pm3m crystal phase, according to the literature!* and the standard ICSD card no
#29073. Here, the peaks at 15.05°, 21.48°,30.63°, 33.96°, 37.92°, 44.10° and 48.55° are in
agreement with the (100), (110), (200), (210), (211), (220) and (310) crystal planes,
respectively. Similarly, FAPbBr3; sample is in the cubic phase with the diffraction peaks at
14.80°, 21.60°, 30.50°, 33.84°,37.92°, 40.89° and 44.22°, which correspond to the (100),
(110), (200), (210), (211), (220) and (300) crystal planes, respectively.””) Small amounts of

unreacted precursors, which show characteristic XRD peaks, are also present. As the
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Figure 2. The structural and optical characteristics of perovskite pellets. (a) Powder XRD
patterns of (i-iii) perovskite precursors [(i) CsBr, (i1) FABE, (iii) PbBr2], and (iv,v) perovskite
pellets [(iv) CsPbBr3; and (v) FAPbBT3]. (b,c) Tauc plots of (b) CsPbBr3 and (¢) FAPbBr3
perovskite pellets. (d) PL spectra of isolated crystallites of (i) CsPbBr3 and (i1) FAPbBr3

perovskites.

references, the XRD patterns of precursors are shown in Figure 2a (i to iii). The diffraction
peaks at 29.27°and 42.00° match with CsBr, those at 29.02°, 30.50°, 33.84°, 44.22° and 55.10°
match with FABr, and those at 18.4°, 23.58° and 39.65° match with PbBr,. Although small
amounts of precursors are present, the XRD patterns of CsPbBr3 or FAPbBr3; perovskites are
not complicated by the precursor peaks. In other words, irrespective of the presence of small

amounts of precursors, XRD data help us to characterize the perovskites. The morphologies of
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the pellets and crystallites are examined by scanning electron microscopy (SEM) imaging.
Representative SEM images of FAPbBr3; samples are shown in the Supporting Information.

We characterized the optical properties of the pellets by estimating the bandgaps and PL
spectra. Figure 2b and ¢ shows the Tauc plots for CsPbBr; and FAPbBr3; perovskites,
respectively, which are obtained from the corresponding diffused reflectance spectra. The
bandgaps are estimated at 2.30 eV for CsPbBr3; and 2.21 eV for FAPbBr3. These values are in
good agreement with the solution processed nanocrystals!* or microcrystals!'” of CsPbBr; and
FAPDbBr3. Furthermore, the PL maxima (ca 520 nm for CsPbBr3; and ca 540 nm for FAPbBr3,
Figure 2d) of isolated crystallites in the samples are consistent with the estimated bandgap
values (Figure 2b,c) and the literature reports.!*>!”) The red-shifted PL spectra of FAPbBr3,
when compared to that of CsPbBr3; can be attributed to the difference in A-site cation and or
difference in the degree of photon recycling. The A-site cation contributes indirectly to the
bandgap, which is by the distortion of crystal lattice through the octahedral tilt leading to
strong spinorbit coupling interactions.!!!

The PL behavior is visibly different for crystallites near the edge and center of the pellets
(Figure 3a,b). At the edge, the reabsorption of emitted photons was low, and thus, the intensity
of green emission was high. On the other hand, away from the edge, the sample showed yellow
(CsPbBr3) or orange (FAPbBr3) emission, which suggests efficient photon recycling through

closely-spaced energy states in these samples. To examine the existence of crystallites with
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Figure 3. The distribution of energy states and PL decays in perovskites. (a,b) PL spectra
of (a) CsPbBr;3 and (b) FAPbBr3 perovskites recorded from (i) isolated crystallites and (ii) the
core of the pellet. (¢) PL spectra and (d) PL decay profiles (520 to 600 nm) of the randomly
selected FAPbBr; crystallites. Here, the samples are minimally excited (0.05 mW) by a 400 nm

fs laser.

distributed energy states in pure halide perovskites, we gently crushed a FAPbBr3 pellet and

collected the PL from different crystallites. As shown in Figure 3c, certain crystallites showed

blue-shifted emission maxima (ca 530 nm), whereas certain other showed red-shifted maxima

(ca 560nm). Further, crystallites with the red-shifted PL spectra showed longer PL lifetimes,

while those with the blue-shifted PL spectra showed shorter PL lifetimes (Figure 3d). In other

words, different PL maxima are accompanied with different PL lifetimes for crystallites

collected from the pellet, and the long PL lifetime associated with the red-shifted emission

helps us to consider nonradiative energy transfer in perovskite pellets. As with thick films and



single crystals of perovskites, photon recycling is often correlated with the reabsorption-
emission processes, >l and the contribution of nonradiative energy transfer in this process is
largely neglected. In addition to the above distribution of energy states, we find the PL lifetime
values of the red-shifted and blue-shifted spectra are largely different. The red-shifted PL is
delayed by 5.7 ns when compared to the blue-shifted one.

From the PL studies on different crystallites of a CsPbBr3 or a FAPbBr3; sample, which
shows distribution of bandgaps with delayed emission, the contribution of nonradiative energy
transfer in photon recycling is obvious. To clarify the roles of distinct energy states on energy
transfer and photon recycling, we prepared mixed halide FAPb(BrI); samples. We focused PL
studies on the bromide-rich (500-575 nm) and iodide-rich (650-800 nm) regions and the
bromide-iodide interface. Nonradiative energy transfer is substantiated from the PL intensity
variation and the lifetime values in these regions (Figure 4a,b). Different regions of the mixed-
halide pellet show different ratios of green and red emission intensities. This difference should
be due to difference in the bromide-to-iodide ratios as well as difference in the efficiencies of
nonradiative energy transfer. The overall effect of energy transfer should come from radiative
and nonradiative processes, which are in addition to the migration of charge carriers. However,
the contribution of energy transfer depends upon the degree of close-packing between the
donor and acceptor. To clarify nonradiative energy transfer, we carried out the PL lifetime

measurement in the 500 to 575 nm region for FAPb(Brl); and compared it with a pure FAPbBr3
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Figure 4. Energy transfer in close-packed perovskite pellets. (a) PL spectra of a FAPb(BrI)3
perovskite sample collected from different areas. (b) PL decay profiles of (i) pure FAPbBr3
perovskite and (ii) bromide (500-575 nm) region in a mixed halide FAPb(BrI)s pellet. (¢) The
mechanism of photon-recycling by the repeated radiative and nonradiative energy transfer

processes in photoexcited perovskites.

sample (Figure 4b). Here, the bromide (500-575 nm) region in a mixed halide sample shows
shorter lifetime (2.17 ns) when compared to the pure FAPbBr3; sample (7.32 ns). This result
helps us to confirm that the excited state of the bromide-rich part is deactivated by the iodide-
rich parts. In other words, an efficient nonradiative energy transfer from the bromide to iodide

regions is obvious.



We analyzed the extent of nonradiative energy transfer in mixed bromide-iodide perovskite

sample by considering various radiative and nonradiative relaxation processes which follow

their photoexcitation. Here, we compare the relaxation rate of the excited state of the bromide

(500-575 nm) region in FAPb(Brl); with the rate of pure FAPbBr3 perovskite, which is by

solving the equations (1) and (2).

To=T—FT7"=7" (1)

(2)

N k¥ ke + kgr kg + kg

where, 7o and 7 are the average PL lifetimes of a pure FAPbBr3 and the bromide (500-575 nm)
region of the FAPb(BrI); perovskite, respectively; k: and kxr are the rates of radiative and
nonradiative relaxations, respectively; and ker is the rate of energy transfer. From the values of
7o and 71, we estimate Kerat 3.24 x 103 s, which is larger than the overall relaxation rate (ko =
1.36 x 108 s!) of pure FAPbBrs3. In other words, nonradiative energy transfer in the mixed

halide sample is efficient.

The arrangement of energy states in close-packed perovskite crystallites is shown in Figure
4c, which illustrates various radiative and nonradiative relaxation processes including photon-
recycling. Energy transfer from bromide to iodide regions is shown by placing the bandgaps of

the donor and acceptor to the extreme left and right sides in Figure 4c, respectively, and the
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closely-spaced states of the intermediate regions in the mixed halide compositions are shown

in between. Radiative photon recycling follows the repeated absorption and emission of

photons by the bromide, iodide and the intermediate regions. However, as discussed above, the

radiative process alone cannot account for the increased rate of relaxation of the donor

(bromide). In our study, the overall relaxation rate (ki+kntkeT) Of the bromide-rich part in

FAPDb(Brl); is higher than pristine FAPbBr3. Thus, in the mixed halide sample, the excited state

of the donor is nonradiatively deactivated by the acceptor. The intermediate emission spectra in

Figures 3 and energy bands in Figure 4 enable the efficient transfer of energy from the bromide

to iodide regions.

In conclusion, we disclose photon-recycling in pure and mixed (bromide-iodide) halide

perovskites pellets by the efficient nonradiative energy transfer process through the closely-

spaced energy states. In pure and mixed halide perovskites, the closely-spaced bandgaps are

validated based on distinct emission maxima and PL lifetime values. The close-packing of

perovskite crystallites with the closely-spaced energy states in CsPbBr3, FAPbBr3 and

FAPb(BrI)3 helps us to clarify nonradiative energy transfer in perovskites.

EXPERIMENTAL SECTION

Synthesis of CsPbBr3; and FAPbBr3 perovskites

Required amounts of precursors (CsBr and PbBr; in 1:1.25 mol ratio, and FABr and PbBr; in
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1.25:1.35 mol ratio) were powdered separately in a hand mortar and homogenously mixed by

flipping up and down in a sample bottle. The precursor mixtures were loaded on a silicon

rubber chamber with 20 mm diameter. Disc shaped pellets of perovskites were prepared in a

hydraulic press by applying 2.4 GPa pressure vertically downward to the solid solutions of the

precursors for 30 minutes. The pellets were stored in air-tight bottles for further studies.

Synthesis of FAPb(BrI)s perovskite pellet

Required amounts of precursors [FABr (0.75 mmol), PbBr2 (0.75 mmol) and Pbl> (0.25 mmol)]

were weighed and powdered separately using a hand mortar. The powdered precursors were

homogeneously mixed and loaded in a silicon rubber chamber. A pellet of FAPb(BrI);

perovskite was prepared by following the above method.

Methods

Kubelka- Munk diffused reflectance spectra were recorded in a UV-Vis spectrophotometer

(Evolution 220, Thermo Fischer Scientific).

Time-resolved PL studies were carried out using a fluorescence microspectrometer. The

excitation light source was femtosecond laser pulses (400 nm) from the second harmonic

generator (SHG) crystal of an optical parametric amplifier (Coherent OPA) that was pumped

with 800 nm pulses (150-fs, 200 kHz) from a regenerative amplifier (Coherent RegA). We

used 76 MHz pulses from an oscillator (Coherent MIRA) for seeding RegA. The fluorescence

12



signals from the pellet and powder samples were collected through an objective lens (40x,

Olympus UmPlan), filtered using a 460 nm long pass filter and directed to the entrance slit of

an assembly of a polychromator (Chromex) and a streak-camera (Hamamatsu Photonics).
XRD measurements were carried out in a X-ray diffractometer (RINT 2200, Rigaku) using

Cu Kal excitation (A\=1.5406 A).
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