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Abstract: Rubidium lead halides (RbPbX;), an important
class of all-inorganic metal halide perovskites, are attracting
increasing attention for photovoltaic applications. However,
limited by its lower Goldschmidt tolerance factor t =~ 0.78, all-
inorganic RbPbBr; has not been reported. Now, the crystal
structure, X-ray diffraction (XRD) pattern, and band structure
of perovskite-phase RbPbBr; has now been investigated.
Perovskite-phase RbPbBr; is unstable at room temperature
and transforms to photoluminescence (PL)-inactive non-
perovskite. The structural evolution and mechanism of the
perovskite—non-perovskite phase transition were clarified in
RbPbBr;. Experimentally, perovskite-phase RbPbBr; was
realized through a dual-source chemical vapor deposition
and annealing process. These perovskite-phase microspheres
showed strong PL emission at about 464 nm. This new
perovskite can serve as a gain medium and microcavity to
achieve broadband (475-540 nm) single-mode lasing with
a high Q of about 2100.

All-inorganic metal halide perovskites of the form CsPbX;
(X=0l, Br, I), owing to their remarkable properties, are
attracting increasing attention for use in optoelectronic
devices such as solar cells, light-emitting diodes (LEDs),
and semiconductor nanolasers.'™™! Such all-inorganic perov-
skites exhibit superior properties, including improved photo-
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and thermo-stability, higher resistance to the atmosphere, and
enhanced exciton binding energies."''*! In fact, few potential
alternatives can realize all-inorganic ABX; perovskites
except those containing Cs*. This is because the ionic radius
of A must exceed the threshold value of the Goldschmidt
tolerance factor r~(0.8. The Goldschmidt tolerance factor, t =
(ra+ rx)/V2(rg + rx), describes the formability and stability of
the perovskite structure, where r,, rg, and ry represent the
radii of the A, B, and X ions, respectively.'*?! The ideal
tolerance factor ¢ of a perovskite structure is 0.8-1, resulting in
few alternative choices for the A cation. In fact, many
perovskite compounds have a tolerance factor lower than 0.8;
this indicates that the perovskite structure is hard to realize
and readily transforms to non-perovskite phase.” ! That is
why few A cations can fit into the network of M X, octahedra
to realize all-inorganic perovskites.

Rubidium (Rb), the neighbor alkali element of cesium
(Cs), is another potential choice for the A cation to realize all-
inorganic perovskites of the form ABX;. More importantly,
the RbPbBr; perovskite may exhibit novel optoelectronic
properties and help us understand the structure—property
relationship of the perovskite family. In fact, great efforts
have been devoted toward the exploration of Rb-based
perovskites. Up to now, Rb/Cs mixed perovskites have been
reported to show better photovoltaic performance.2°!
Rb,Cs,_,PbBr; perovskite quantum dots were found to
exhibit high quantum yield (93 %), narrower photolumines-
cence (PL) emission linewidth (18-27 nm), and excellent wide
color gamut coverage.”! However, all-inorganic perovskite
RbPbBr; structures have still not been realized. Theoretical
stability, as indicated by the tolerance factor ¢, should be
considered carefully for the realization of the all-inorganic
RbPbBr; perovskite. The tolerance factor of RbPbBr; is
about 0.78 (the effective ionic radii of Rb*, Pb*", and Br~ are
1.61, 1.19, and 1.96 A, respectively). This indicates that
RbPbBr; perovskite structures are hard to realize and have
poor stability.?*?3*3! The incorporation of Cs* into RbPbBr;
will lead to a larger tolerance factor and stabilize the
perovskite phase. Woodward and Chen et al. thus obtained
Rb,Cs,_PbBr; perovskite quantum dots.”**! So far, the
realization of the all-inorganic perovskite RbPbBr; is still
a great challenge. A new preparation strategy should be
developed for the realization of all-inorganic RbPbBr;
perovskite structures.

In this work, to realize all-inorganic perovskite-phase
RbPbBr;, a new preparation strategy combining a dual-source
chemical vapor deposition and a high-temperature annealing
process is developed. The crystal structures, XRD patterns,
and band structures of the perovskite and non-perovskite
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RbPbBr; were theoretically analyzed. The simulation results
showed that perovskite-phase RbPbBr; is unstable at room
temperature and easily transforms to a PL-inactive non-
perovskite structure. Furthermore, we clarified the perov-
skite-non-perovskite = phase-transition = mechanism in
RbPbBr;. This explains why perovskite-phase RbPbBr; has
not yet been obtained. Based on our strategy, we obtained
perovskite-phase RbPbBr; microspheres with regular spher-
ical structures, smooth surfaces, and strong PL emission at
about 464 nm. Such microspheres can be used as a whispering
gallery mode (WGM) microcavity for nanolasing. Single-
mode lasing with a lasing threshold of P~17.8 uJcm ™ and
a high-quality factor Q of about 2100 was achieved in these
RbPbBr; microspheres. Furthermore, single-mode lasing can
be tuned continually from 475-540 nm by adjusting the cavity
size and the substitution of monovalent cation Rb with Cs.

Three crystal structures including cubic, tetragonal, and
orthorhombic, are widely reported for lead-halide perov-
skites. The tolerance factor of RbPbBr; is about 0.78; this
indicates that RbPbBr; may be obtained with either perov-
skite or non-perovskite structure of the orthorhombic phase.
We reconstructed the exact crystal structures of perovskite
and non-perovskite RbPbBr; from their isostructures.*>%!
The exact crystal structural parameters of RbPbBr; in
perovskite and non-perovskite phases, respectively, are
given in the Supporting Information, Tables S1 and S2. They
were calculated using density functional theory (DFT)
methods. Figure 1a,b depict the crystal structures of perov-
skite- and non-perovskite-phase RbPbBr;. Both phases con-
sist of an orthorhombic phase with Pnma symmetry and
involve a distorted rotation of the [PbBrg]*" octahedral units
compared with the cubic structure.???! The main part of the
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perovskite and non-perovskite crystal structures is the
[PbBrg]** octahedral unit, which is formed with one Pb and
six coordinated Br atoms. Additionally, Rb atoms sit at the
vacant position of the [PbBry]*" octahedra in the network.
Theoretical calculation of the Gibbs free energy at different
temperatures is shown in the Supporting Information, Fig-
ure S1. The simulation results show that the perovskite phase
of RbPbBr; is unstable at room temperature and can be
obtained at temperatures above 147 °C. The formation of the
perovskite phase of RbPbBr; is realized through atomic
rearrangement from the non-perovskite phase with the
NH,CdCl;-type structure. Theoretical XRD patterns of
perovskite- and non-perovskite-phase RbPbBr; are shown
in Figures 1 ¢ and d; these patterns were calculated using the
Reflex module of Material Studio software. To analyze the
optoelectronic properties of RbPbBr;, the electronic struc-
tures and partial density of states (PDOS) of perovskite- and
non-perovskite-phase RbPbBr; were calculated using density
functional theory. In Figures 1e and f, it can be clearly seen
that perovskite-phase RbPbBr; has a direct band gap of
2.63 eV, while the non-perovskite phase shows an indirect
band gap of 3.04 eV. According to the distribution of the
PDOS, the minimum of the conduction band (CBM) and the
maximum of the valence band (VBM) of perovskite-phase
RbPbBr; are mainly dominated by the Pb6p and Brd4p
orbitals, just as in the non-perovskite-phase RbPbBr;, while
the orbital of Rb has less influence on the band structure. So
far, the crystal structures, XRD patterns, and band structures
of perovskite and non-perovskite RbPbBr; have been theo-
retically analyzed. Theoretical simulation results revealed
that perovskite-phase RbPbBr; with good optical properties
can be realized at high temperatures.
Experimentally, perov-
skite-phase RbPbBr; was
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Figure 1. Theoretical simulation of the crystal structures, XRD patterns, energy band structures, and partial
density of states (PDOS) of RbPbBr; with perovskite (a,c,e) and non-perovskite (b,d,f) phases. In (a) and (b):

The Rb* pink, Pb** gray, Br™ green.
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skite  microspheres are
s xur 8 - 9 * shown in Figure 2 a.
RbPbBr; microspheres with
a diameter D of about
1.2 pm were uniformly dis-
tributed on the silicon sub-

Energy(eV)
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This is consistent with the theo-
retical simulation results in Fig-
ures 1 e and f, which show direct
and indirect band gaps for the
perovskite and non-perovskite
phases of RbPbBr;, respectively.
The absorption edge of perov-
skite-phase RbPbBr; is located at
about 460 nm, and thus the band
gap is about 2.70 eV, which agrees
well with the PL peak and simu-
lated results. So far, these results

Br Rb

experimentally demonstrate the
phase transition of RbPbBr; from

non-perovskite to perovskite.
These perovskite-phase samples
have regularly spherical geome-
try, smooth surfaces, and strong
PL emission. Such perovskite
microspheres will be good candi-
dates for WGM microcavities and
gain medium to achieve nanolas-
ing.

To gain insight into the phase-
transition mechanism, the struc-
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Figure 2. a) Typical SEM images of the perovskite-phase RbPbBr; microspheres. Top inset: The
magnified image of an individual RbPbBr; microsphere. Left inset: PL images of the perovskite
RbPbBr; microspheres. b) Energy-dispersive X-ray spectroscopy of a RbPbBr; microsphere. Right inset:
TEM image of single RbPbBr; microsphere. c) X-ray diffraction results of perovskite and non-perovskite
RbPbBr; samples. d) Photoluminescence and absorption spectra of the RbPbBr; microsphere with

perovskite phase.

strate. It can be clearly seen that most microspheres show
regularly spherical structures and smooth surfaces; this makes
them ideal candidates for whispering gallery mode (WGM)
microcavities. In the left inset of Figure 2 a, uniformly blue PL
emission can be observed from these perovskite-phase
RbPbBr; microspheres. A typical transmission electron
microscopy (TEM) image of single RbPbBr; microsphere is
shown in the inset of Figure 2b, confirming its regularly
spherical morphology from the clear contrast. The formation
of RbPbBr; was confirmed by the energy-dispersive X-ray
(EDX) spectroscopy results shown in Figure 2b, which
presents a molar ratio of Rb/Pb/Br of about 1:1.03:2.99. The
X-ray diffraction patterns of RbPbBr; in Figure 2¢ confirm
the phase transition from non-perovskite to perovskite at
290°C, which agrees well with theoretical simulations.
According to the XRD results in Figures 2c, Figures 1¢ and
d, the non-perovskite phase dominates in the directly
obtained samples; the main phase of the annealed samples
was transformed to a perovskite structure.’**!! Figure 2d
depicts the PL and absorption spectra of perovskite-phase
RbPbLBT;. Interestingly, the perovskite-phase RbPbBr; micro-
spheres showed strong PL emission at about 464 nm with
a full width at half maximum (FWHM) of about 12.4 nm,
while the non-perovskite RbPbBr; samples were PL-inactive.
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tural evolution details were ana-
lyzed. Figure3a depicts the
reversible phase change between
the perovskite and non-perov-
skite structures of RbPbBr;. The
perovskite structure is formed by
annealing a  non-perovskite
sample at 290°C for 1 h in a N,-
filled environment. Similar to all-
inorganic cesium lead halide per-
ovskites, the perovskitephase of RbPbBr; is kinetically
trapped and metastable in a N,-filled environment when
cooled to room temperature.**3! When exposed to a natural
environment, perovskite samples undergo a reconstructive
phase transition to a non-perovskite phase. During the
reconstructive process, [PbBrg]*" octahedra undergoes a tran-
sition from a corner-sharing structure to an edge-sharing
structure. The detailed structural evolution process can be
observed in the video provided in the Supporting Informa-
tion. The typical structural evolution on the existence of a Br
vacancy is shown in Figure 3b. It can be clearly seen that the
whole process consists of the tilting of the octahedral unit, the
breaking of a Pb—Br bond, and the recombination of a Pb—Br
bond. Furthermore, the formation of the non-perovskite
structure is also accompanied by the reorientation of Rb (see
Figure 3¢). As shown in Figure 3¢, the Rb atom is surrounded
by three adjacent Pb,Br;, chains in the non-perovskite
structure. We also found that no perovskite—non-perovskite
phase transition took place when annealing a perovskite
sample in a N,-filled environment at temperatures between
30-290°C for 1 h. A RbPbBr; sample stored in a N,-filled
environment at room temperature can maintain the perov-
skite phase for about 1 month or even longer. The XRD data
is shown in the Supporting Information, Figure S2. However,
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Figure 3. Mechanism of the phase transition. a) The reversible phase transition between the perovskite and
non-perovskite structures. The Rb™ pink, Pb?" gray, Br™ green. b) The structural evolution from Pb,Br,, to
couple Pb,Br,, on the existence of Br vacancies (pink sphere). Rb is not shown for simplicity. c) The structure
transformation from the perovskite to non-perovskite observed from [010] crystal surface. d),e) The
comparation of a Br vacancy formation energy in moisture (AE,,.=0.67 eV) and vacuum (AE,,.=2.73 eV)
conditions. f),g) Representation of the orbital arrangements for perovskite- and non-perovskite-phase
RbPbBr;, VBM and CBM orbitals are represented by green and blue, respectively, The isosurface value is set
to be 0.018 eA~>. The Rb", Pb*", and Br~ ions in (b)—(e) are represented by violet, gray, and reddish-brown

Angewandte

intemationaldition’y) Chemie

emission spectra near the
lasing threshold. When the
pump density P was about
132 pJem™  (below the
lasing threshold), a broad
emission peak at about
466 nm with a FWHM
of about 158nm was
observed; this can be attrib-
uted to spontaneous emis-
sion. When P reached the
lasing threshold of about
17.8 WJem™, a sharp peak
with  narrow linewidth
appeared above the back-
ground. As the pump den-
sity was continually
increased, the intensity of
the lasing peak at about
475.6nm  grew  rapidly
while the PL emission
remained almost constant.
This confirms the realization
of single-mode lasing. As P
reached the lasing thresh-

spheres.

freshly prepared perovskite samples will degrade in about
20 min when exposed to the natural environment. DFT
calculations were carried out to clarify these differences. As
shown in Figure 3d,e, the presence of water molecules
reduces the formation energy of a Br vacancy to AE,,
~0.67 eV; this will further lower the free-energy barrier of
nucleation (Figure 3b) and accelerate the phase transition at
room temperature.”®¥ In Figures 3 f and g, it can be seen that
the VBM and CBM orbitals of RbPbBr; are significantly
shifted during the phase-transition process, resulting in
distinct optical properties. These results clarified the phase-
transition mechanism and the direct-indirect band gap
transition of RbPbBr;.

The optically pumped lasing properties of perovskite-
phase RbPbBr; microspheres were probed through a home-
built confocal microphotoluminescence system. As presented
in Figure 4a, a femtosecond laser with a wavelength of
400 nm was used as the pumping source to excite single
RbPbBr; perovskite microsphere. The waist of the pulsed
laser beam was about 3 um to pump the whole RbPbBr;
microsphere homogeneously. The perovskite-phase RbPbBr;
microsphere acts as both a gain medium and WGM micro-
cavity. At a high pump density, the gain just balances or
exceeds the optical losses and a single-mode lasing at
475.6 nm can be observed. Figure 4b presents a two-dimen-
sional (2D) pseudo-color plot recorded from a single
RbPbBr; microsphere with Da~12 um as a function of
pump density. By increasing the pump density from 5 to
100 WJem™2, the transition from broadband emission to
a sharp peak could be clearly observed. This indicates the
occurrence of lasing action. Figure 4c depicts typical PL

www.angewandte.org
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old, the FWHM of the emis-
sion spectrum quickly drop-
ped from 15.8 to about
0.23 nm, which also supports the appearance of lasing
action. It was noticed that the peak position of single-mode
lasing was blue-shifted with increasing pump density. This
might have resulted from band filling, thermo-optics, or
electron/hole many-body interactions.”®*! Figure 4d shows
the integrated PL intensity as a function of pump density.
These log-log plots show the S-curve model of lasing
oscillation with two kinks at 17.8 and 30.1 uJcm 2, respec-
tively.*”! As the pump density increases, the evolution from
spontaneous emission to simulated emission occurs at
17.8 WJem 2, and gain saturation starts at 30.1 uJcm 2 Such
behavior clarifies the achievement of single-mode lasing,
giving the lasing threshold at about 17.8 uJcm™2. Figure 4e
depicts single-mode lasing at about 475.6 nm, and a Lorent-
zian curve with 04=~0.23 nm is used to fit these plots.
According to the equation Q=A1/84, the quality factor of
single-mode lasing at 475.6 nm was calculated to be Q ~2100,
which is higher than most reported nanolasing systems,
including microdisks, nanowires, and nanorods. The spherical
shape of the perovskite RbPbBr; microsphere makes them
ideal WGM candidates for total internal reflection, and
ensures lower optical losses.*'™! Therefore, the achievement
of single-mode lasing with a high Q factor is mainly attributed
to the excellent WGM cavity structure.

The lasing behaviors of a series of RbPbBr; microspheres
were investigated to clarify the influence of microcavity size
on optical confinement and lasing properties. Figure Sa
presents single-mode lasing spectra recorded from different
RbPbBr; microspheres. As the diameter increased from 1156
to 1260 nm, single-mode lasing was red-shifted from 471.2 to
478.9 nm. Detailed information about single-mode lasing at

Angew. Chem. Int. Ed. 2019, 58, 1-8
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oxiof why most spherical micro-
cavities have excellent
sxio' lasing performance. The
band gap of APbX; perov-
B0t skites is mainly dependent

on the [PbX]*" octahedral
unit, while the A cation
influences the band struc-
ture by changing the bond-
ing properties between the
Pb and X atoms of the
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Figure 4. a) An individual RbPbBr; microsphere pumped by a 400 nmfs-laser (ca. 40 fs, 10 kHz). The light
path inside the spherical cavity is signaled by the blue circle. b) 2D pseudo-color plot of a RbPbBr;
microsphere under different pump density. c) The PL spectra recorded from single RbPbBr; microsphere
around the lasing threshold. Inset: Photoluminescence image recorded around the lasing threshold. d) The
integrated PL intensity is plotted as a function of pump density, giving the lasing threshold at about

. €) Lorentz fitting of the single-mode lasing at about 475.6 nm, giving a FWHM (1) ~0.23 nm,

-2

17.8 Wcm
the corresponding Q factor is about 2100.

4712nm can be found in the Supporting Information,
Figure S3. The wavelength of lasing in a spherical resonator

has been theoretically and experimentally demonstrated
as:[9,4247]

A~aD Nv 1)

where v and A describe the mode number and wavelength of
the lasing peak, respectively, while D and N are the diameter
and refractive index of the spherical microcavity, respectively.
Figure 5b plots the peak position of single-mode lasing as
a function of the diameter of the microsphere. The single-
mode lasing wavelength is continuously red-shifted with
increasing cavity size. A linear curve can be used to fit these
plots in Figure 5b, which agrees well with the theoretical
prediction from the above equation. To deeply decouple the
modulation effect of the microcavity, optical mode simula-
tions were carried out using the finite domain time difference
(FDTD) solution. The inset of Figure 5b shows the simulation
results for single-mode lasing at about 475.6 nm; it can be
clearly seen that the electrical field is well-confined inside.
The simulated electrical field distributions of other perovskite
RbPbBr; microspheres can be found in the Supporting
Information, Figure S4. A spherical microcavity shows per-
fect successive total internal reflection and ensures lower
optical losses compared with other types of microcavity, such

Angew. Chem. Int. Ed. 2019, 58, 1-8
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from 464 to 529 nm as the
ratio of Cs* was increased.
SEM and PL images of
CsPbBr; microspheres are
presented in the Supporting
Information, Figure S5. As
shown in Figure 5d, high-Q
single-mode lasing can be
tuned from blue to green
(475-540 nm) in these perovskite microspheres. In the insets
of Figure 5d, clear interference patterns can be observed from
the PL images under a high pump density; this indicates the
formation of WGM lasing.

In conclusion, perovskite-phase RbPbBr; was realized
through a chemical vapor deposition and a high-temperature
annealing process. The crystal phase, XRD pattern, and band
structure of perovskite RbPbBr; were investigated theoret-
ically. Theoretical results showed that perovskite-phase
RbPbBr; is difficult to obtain directly because of the
instability of its phase structure at room temperature. The
perovskite—non-perovskite structural evolution was system-
atically analyzed to reveal the mechanism of the phase
transition of RDPbBr;. We obtained perovskite-phase
RbPbBr; with regular spherical structures, smooth surfaces,
and strong PL emission at about 464 nm through this new
strategy. We found that these new perovskite samples can act
both as a gain medium and microcavity to achieve single-
mode lasing with a high Q of about 2100. By modulating the
microcavity size and/or the ratio of monovalent cation, single-
mode lasing can be tuned continuously from blue to green
(475-540 nm). Our work provides a simple way to achieve
perovskite-phase RbPbBr; with superior optical properties,
which may be used as a promising candidate for micro/
nanolasers.
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Figure 5. a) Single-mode lasing recorded from five typical RbPbBr; microspheres. b) The relationship between the wavelength of single-mode
lasing and the diameter of RbPbBr; microsphere. Top inset: Simulated electric field distribution of single-mode lasing at about 475.6 nm.

c) Photoluminescence images and spectra of RbPbBr;, Rb,Cs,_,PbBr;, CsPbBr;, microsphere. d) Single-mode lasing recorded from single
Rb,Cs,_,PbBr; microsphere. Insets: Photoluminescence images of perovskite microspheres under a high pump density.
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All inorganic: The crystal structure, phase
transition, band gap and optical proper-
ties of perovskite-phase RbPbBr; were
analyzed theoretically and experimentally.
This new perovskite microsphere can
serve as a gain medium and microcavity
to achieve broadband (475-540 nm)
single-mode lasing with a high Q of about
2100.
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