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FA4PbBr,., composite perovskites consisting of 0D FA;PbBr¢ and 3D
FAPDbBr; have been synthesized by a solid state reaction. Due to the
endotaxy passivation of FAPbBr; by FA;PbBrs, FAPbBr; crystals
were stably deformed without agglomeration from the cubic to the
orthorhombic structure by compression, and which led to a
significant PL enhancement.

Metal halide perovskites have received increasing attention due
to their outstanding optical and electrical properties such as
broad optical absorption, high photoluminescence quantum
yield (PLQY) with broad color tunability, long charge diffusion
length and high mobility.27 The general formula of perovskite is
ABX3.q, Where A, B, X are monovalent cation, divalent metal
such as Pb2*, and halogen anion such as Cl-, Br-, I, respectively.
Inorganic Cs* ion or organic ammonium including
methylammonium (MA, CH3NHs3*) or formamidinium (FA,
CH(NH,),*) are often used for the cation A*. In this case, a can
be varied from 1 to 4. For the case of a = 1 (ABX3), it forms
typical three-dimensional (3D) structure, where the A* is
surrounded by the network of corner sharing [BXg]*~ octahedra.
Increasing a leads to the formation of the lower dimensional
structures where the octahedral network is separated by the
cation A*, and ultimately zero-dimensional (OD) perovskites
(A4BXe) are formed when a is increased to a = 4. The 0D
perovskite structure consists of the isolated octahedra
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interspersed with the cations.8® Among them, 3D perovskite
nanoparticles have been extensively investigated as a promising
material for light emitters. They offer wide bandgap tunability
simply by changing their elemental composition. However their
very low PLQY in solid state (typically less than 1%) which are
compared to high PLQY in solution (~90%) hampers their
application in LED.10.11 While OD perovskites have not been
investigated as extensively as 3D perovskites, they are also of
interest due to their strong quantum confinement and high
stability. Since metal-halide-comprised octahedral are spatially
confined, OD perovskites show high exciton binding energy
which is efficient for high PLQY. Unlike typical 3D perovskites,
0D perovskite nanocrystals exhibit comparable PLQY in both
solution (65%) and solid state (56%).9-12.13

While the optical and electrical properties of perovskites
have been tuned by changing the halide X~ or the size of
nanoparticles,11.14 they can also be altered by applying high
pressure.!> For example, the recent studies show that applying
high pressure on 3D perovskites led to piezochromism,
conductivity enhancement or/and phase transitions because of
the bond length contraction and octahedral distortion in crystal
structures.1>1® However, photoluminescence properties of
perovskites were significantly deteriorated under high pressure
condition because of losing their quantum confinement by
agglomeration.12:20

Herein, we report photoluminescence
enhancement in the mixture of OD and 3D formamidinium lead
bromide perovskite (FA4;PbBre/FAPbBr3) (hereafter named as FA
o« PbBra. o, composite perovskite) under high pressure in the
order of giga-pascal (GPa). The decay of perovskite
photoluminescence in solid state or under pressure is known to
be mainly due to the agglomeration of crystals. Hence some
passivation techniques including polymer encapsulation and
core-shell structures have been employed.2122 Recently,
endotaxy passivation that crystals are covered with the same
chemical elements but in different crystal structure was found
to be very effective for stabilizing nanocrystals.2324 For
example, Quan et al. found that the 3D CsPbBrs nanocrystals
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embedded in OD Cs4sPbBrg matrix exhibited a remarkably high
PLQY in solid state by the endotaxy passivation.25 Similarly, 3D
FAPbBr3; can be stably passivated with OD FA4PbBrs and vice
versa, when their lattices match each other. In this case, both
0D and 3D crystals can be stably deformed at high pressure
condition without agglomeration, and which leads to the
enhancement of PLQY due to the increased binding energy by
structural distortion. To this end, FA4PbBr,., composite
perovskites were prepared and characterized at the high
pressure condition. Our experiments show that PL intensity of
FA.PbBr,., composite perovskites was enhanced by 21 times
under the high pressure comparing with that at ambient
condition, and stable over multiple compression cycles.
FA.PbBr,., composite perovskites were prepared by
employing a solid state reaction. Briefly, PbBr,-DMSO complex
was first prepared by following the procedures reported
previously.26 The completely dried PbBr,-DMSO complex
powder was then mixed with FABr powder in the glove box.
Upon mixing, the white powder instantaneously turned to pale
orange, and exhibited green fluorescence under UV (Figure 1a,
S1). In contrast, the mixture of PbBr, and FABr barely showed
PL in the same condition (Figure S1). The results of synchrotron-
based powder X-ray diffraction (XRD) data confirmed that the
sample contained two different crystal structures, FA;PbBrg
(R3c, a = b = 13.07 A, ¢ = 18.45 A) and FAPDbBr; perovskites
(Pm3m, a =b =c=5.99 A) (Figure 1b). The refinement results of
general structure refinement system (GSAS) to the measured
XRD data are presented in Figure S2. Based on the matching
with the main diffracted peak positions and normalized amount
of peak intensity, it was expected that FA;PbBrg perovskite was
dominant over FAPbBr; one. Due to the relatively large excess
amount of FA4PbBrs, FAPbBr; was expected to be embedded
within FA4PbBrg matrix. In this case, endotaxy passivation of
FAPbBr3 by FA4PbBrs was expected because of their close lattice
matching (Table S3, Figure S3). Since the resulting FA,PbBr;.q
composite perovskites were easily hydrolyzed at ambient

condition, all experiments were performed under inert
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Figure 1. a) Preparation of FA,PbBr,,, composite perovskite by a solid state mixing of
PbBr,-DMSO and FABr powders. Upon mixing, the mixtures exhibited strong green
fluorescent under UV illumination. b) XRD pattern of FA,PbBr,., composite perovskite
which shows that the resulting compound was the mixture of 0D FA,PbBrg and 3D
FAPbBr;. The expected peak positions for OD and 3D structures from the GSAS
calculation are marked on the pattern. c) PL and UV-Vis absorbance spectra of the
FAPbBr,,, composite perovskite.
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Figure 2. Pressure-induced PL changes of FA,PbBr,,, composite perovskite. Spectra

and fluorescent optical image of a FA,PbBr,., composite perovskite were taken in situ
while increasing the pressure from 1 atm to 4.1 GPa.

condition. The PL spectrum of FA,PbBr,., composite perovskite
was almost same as that of pure FAPbBr; perovskite
nanoparticles deposited on a Si substrate.26:27 UV-Vis data also
supported the formation of FAGPbBr,.q composite perovskite.
The absorbance spectra of the mixture showed the existence of
strong and narrow absorbance peak at 325 nm which was
originated from FA4PbBrg perovskite (Figure 3a),28 and a gentle
slope at 540 nm corresponding to the absorption peak of
FAPbBr; (Figure 1c, 3b).26 All these data support well the
formation of FAGPbBr;.q composite perovskite by the simple
solid-state reaction of PbBr,-DMSO and FABr powders.

The high pressure experiments were carried out by using a
symmetric diamond anvil cell (DAC). FA4PbBry.q composite
perovskites were pressurized by silicon oil as a pressure
medium in a DAC. Ruby was used as a pressure marker. PL and
fluorescent optical microscope images of FA.PbBr,.q composite
perovskite were taken in situ while changing pressure (Figure 2).
Under ambient condition, FA4PbBr.., composite perovskite
showed a green fluorescent emission at Apeak = 542 nm. The PL
spectrum corresponded to that of pure FAPbBr;,26 which
suggests that PL of FA4PbBr,.q composite perovskite was mainly
due to FAPbBrs;. The green emission was gradually turned to
orange with increasing the pressure until 2.0 GPa, and then
turned back to green as the pressure increased further (Figure
2). When the pressure increased further above 4.1 GPa, the
fluorescent almost disappeared. After releasing the pressure,
however, the sample recovered the green fluorescence. Such

This journal is © The Royal Society of Chemistry 2018
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Figure 3. UV-Vis absorbance spectra of FA.PbBr,., composite perovskite as a function
of the applied pressure. a) The peak at 325 nm originated from FA,PbBrs was
insensitive to the change of the pressure. b) The band at 540 nm originated from
FAPDbBr; was persistently shifted to the longer wavelength as the pressure increased
to 2.4 GPa, and then the feature disappeared above 2.8 GPa. After released the
pressure, the band was recovered, but shifted slightly to the shorter wavelength (535
nm).

changes of photoemission color were almost the same as other
previous reports on the pressure-induced PL changes of pure
FAPbBr; perovskite.l® In the aspect of PL intensity, however,
FAPbBr,.q composite perovskite represented different
responses from other pure 3D perovskites under high-
pressure.1%.20 While PL of pure 3D perovskites mostly decreased
with the pressure, PL of FAGPbBr,., composite perovskite
gradually increased showing the maximum intensity at 2.0 GPa
(Figure 2). The PL enhancement factor (f) was f =21 at 2.0 GPa,
where f was defined as the ratio of the PL intensity at a certain
pressure to the intensity at 1 atm. Such dramatic enhancement
of PL suggests that the agglomeration of FAPbBr; perovskite
was effectively restricted during the compression. As increasing
the pressure, the PL peak consistently shifted to the longer
wavelength (Apeak = 542 ~ 589 nm) until the pressure reached to
2.0 GPa, followed by a blue-shift with the decrease of the
intensity at the higher pressure (> 2.0 GPa). The PL spectra
persistently maintained the narrow bandwidth, full width at half
maximum (FWHM) = 20 nm during the PL shift. The detail
information of bandwidth and peak position of PL spectra as
varying pressure is presented in Table S1. Above 3.5 GPa, PL
almost disappeared presumably due to the pressure-induced
amorphorization of FAPbBr3.16 It is noteworthy to mention that
the pressure-induced PL enhancement was repeatable. After
the first cycle of the compression, the FA4PbBr;.q composite
perovskite showed the same PL response during the
subsequent second cycle. This result suggests that FAPbBr;

This journal is © The Royal Society of Chemistry 20xx
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perovskites were stably passivated without agglomeration by
compression.

The pressure-induced phase transition of FAPbBra.q
composite perovskite was also apparent in UV-Vis spectra. As
shown in Figure 3a, the absorbance peak at 325 nm
corresponding to FA4,PbBrs was almost insensitive to the change
of pressure up to 4.7 GPa. However, FAPbBr; peak at 540 nm
gradually shifted to the longer wavelength until 2.4 GPa (Apeak =
588 nm), and subsequently disappeared at higher pressure (>
3.2 GPa) (Figure 3b). After releasing the pressure, the band of
FAPbBr; was recovered, but was slightly shifted to the shorter
wavelength (535 nm). The values of optical bandgaps were
estimated from UV-Vis spectra (Figure S4).2° Due to the redshift
of the absorbance edge during the compression, the bandgap
was decreased.® The increase of band gap after releasing the
pressure indicates the formation of small or thin layered
FAPbBr;.30-32

To correlate the optical properties with the structure, in situ
high pressure XRD patterns of FA,PbBr,.q composite perovskite
were analyzed as a function of pressure (Figure 4). As increasing
pressure, the main diffraction peaks of both FAPbBr; and
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Figure 4. XRD patterns of FA,PbBr,,, composite perovskite with varying the pressure
from 1 atm to 5.3 GPa.
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FA4PbBrs shifted to the higher angle. Results of GSAS
refinement revealed that the crystal structure of FA4PbBrs (R3c,
a=b=13.07 A, c = 18.45 A) was retained but slightly distorted
at 5.3 GPa. On the contrary, the crystal structure of FAPbBr;
exhibited strong pressure-dependent transitions: Pm3m (a = b
=c=599 A)at 1atm, Im3(a=b=c=11.12 A) at 0.8 GPa, and
Pnma (a = 8.18 A, b = 11.44 A, ¢ = 8.49 A) at 2.0 GPa. These
analyses indicate that the PL change by compression was mainly
because of the pressure-induced transition of a cubic to an
orthorhombic FAPbBr3;, which was induced by shrinking and
tilting of [PbBrs]*~ octahedral.16 In this case, FA4PbBre did not
directly contribute to the PL enhancement, but stabilized
FAPbBr3; by endotaxy passivation. After 3.0 GPa, the shape of
the broaden and weaken peaks suggests the gradual
amorphorization process, which was responsible for the
disappearing of PL. The original Pm3m crystal structure of
FAPbBr3; was recovered after releasing the pressure to 1 atm
(detail shown in Figure S2). It was shown that the lattice
mismatch was maintained low during the compression (Table
S3). After the pressure release, two crystals (FAPbBr3; and
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Figure 5. Plots of in situ high pressure Raman spectra of FA,PbBr,.,, composite

perovskite.
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2800 3000 3200

FA4PbBrg) were conformed within a lattice mismatching of less
than 1 %.

The changes in Pb-Br networks had a central impact on the
phase transition of FA.PbBr., composite perovskite. High-
pressure in situ Raman experiments were performed to
investigate the dynamics of the organic FA* cation and the
inorganic [PbBre]*~ octahedral during the compression. As
shown in Figure 5, the characteristic Raman peaks of FA and Pb-
Br bonds successively shifted to the higher wavenumber, which
presents the decreased bond length of Pb-Br and FA by
compression. Broadening of vibrational peaks is due to an
amorphorization which was resulted from the large distortion
of FA cations under high pressure.33.34

All data shown above revealed that PL enhancement of
FA4PbBr,.q composite perovskite during the compression was
mainly originated from 3D FAPbBr; passivated by OD FA4PbBrs.
The original cubic structure of FAPbBr; crystal was distorted to
the orthorhombic structure as increasing pressure to 2.0 GPa,
and which leads to the enhancement of PL with the factor of f =
21. While FAPbBr3 exhibited a strong PL enhancement by phase
transitions, FA4PbBre did not directly contribute to the PL
enhancement, but stabilized FAPbBr3; by endotaxy passivation.
XRD analysis showed that the lattice mismatch was kept low
(<1%) during the phase transition of FAPbBr; by compression.
Because of the endotaxy passivation, FAPbBr; exhibited the
same pressure-induced PL changes for the subsequent multiple
compression cycles (Figure S5).

Conclusions

In summary, 0D-3D FA.PbBr,., composite perovskites have
been synthesized by solid state reaction, and their optical
properties under high pressure have been investigated. The PL
of FA«PbBr2.q composite perovskites was tuned from 542 nm to
589 nm with the narrow FWHM around 20 nm by compression.
Due to the endotaxy passivation of FAPbBrs by FA4PbBrg,
FAPbBr; crystal structure was reversibly deformed by
compression from an original cubic to an orthorhombic
structure without agglomeration, and which led to significant
enhancement of PL intensity with a factor of f= 21. In this case,
FA4PbBrg stabilized FAPbBr; rather than directly contributing PL
enhancement. Our findings provide clues for stable and
optimized optoelectronic devices based on metal halide
perovskites.
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