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Highly Efficient Photoluminescence and Lasing from
Hydroxide Coated Fully Inorganic Perovskite

Micro/Nano-Rods

Guanhua Ying, Atanu Jana, Vitaly Osokin, Tristan Farrow, Robert A. Taylor,*

and Youngsin Park*

The effect of surface passivation on the photoluminescence (PL) emitted by
CsPbBr; micro/nano-rods coated with Pb(OH), is investigated, where a high
quantum yield and excellent stability for the emission are found. The CsPbBr;/
Pb(OH); rods generally present a peak that is blue shifted compared to that
seen in rods without a hydroxide cladding at low temperatures. By increasing
the temperature, it is further shown that the passivated surface states are very
robust against thermal effects and that the PL peak intensity only drops by a
factor of 1.5. Localized stimulated emission at defect states found within larger
rods is also demonstrated, clarified by spatially resolved confocal PL mapping
along the length of the rods. The diffusion parameter of the carrier density
distribution is measured to be 5.70 um for the sky-blue emission, whereas for
the defect lasing site it is found to be smaller than this excitation spot size.

1. Introduction

All-inorganic lead halide perovskite materials have produced a
huge impact on optoelectronic applications including solar cells,
light emitting diodes, and lasing devices in the past few years.["10
One big advantage over their organic counterparts is their high
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stability leading to tolerance toward chem-
ical environment, temperature, and light
exposure."? Despite this, a remaining key
vulnerability is from water due to the highly
ionic structure of perovskites,3l which can
cause problems in realistic devices. Pas-
sivation methods using zwitterions,
organic-inorganic hybrid ion pairs®™ and
metal oxides!"®'® show promise in water-
related stabilization. Even water itself can
be used in some synthesis techniques.['*-??
While the room temperature characteris-
tics have been well studied, investigations
at cryogenic temperatures are essential to
gain a proper understanding of the physics
underpinning the origin of any induced
qualitative improvements. Studies into
inorganic perovskite nanocrystals/*>? as well as nanowires/* at
low temperatures indeed lead to interesting optical phenomena
and interpretations of carrier-level physics.

Here, we present the direct observation of interface states
and defect lasing sites from Pb(OH), coated CsPbBr; micro/
nano-rods with different diameters. The fully inorganic rods
with hydroxide cladding are prepared as described in detail in
a previous growth paper.?®l A temperature dependent study
shows that the passivated surface states are very robust against
thermal effects and the photoluminescence (PL) peak intensity
only drops by a factor of 1.5 from 4 K to room temperature.
A comparison of the interface emission to uncoated CsPbBr;
also provides a link between the modified spectrum and the
original CsPbBr; emission. Localized defect emission sites are
seen within thicker rods at low temperature, which are shown
to exhibit bright stimulated emission through an electron—
hole plasma. We also present a direct observation of diffusion
from both interface and defect sites using a confocal micro-PL
(LPL) mapping system with separable excitation and collection
regions to further support our conclusions.

2. Results and Discussion

The crystal structure was characterized by powder X-ray dif-
fraction and the sample was found to exhibit the cubic phase
(Figure S1, Supporting Information). Transmission electron
microscopy images are shown in Figure 1, where the interface
between the perovskite and hydroxide layer can be seen clearly
in Figure 1c. For uPL measurements, the solution CsPbBr; rods
were dispersed on an Au pattern SiO, substrate as shown in

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 1. a) Transmission electron microscopy images of the CsPbBr; rods coated with Pb(OH),. The red arrows in (b) indicate the surface defect
regions. c) The high-resolution image at a corner. The interface between CsPbBr; and Pb(OH), is not critical and defects were observed in Pb(OH)s,.

a scanning electron microscopy image (Figure S2, Supporting
Information). The thickness of the Pb(OH), on the periphery
of different nanorods varies by a few nanometres. Once
the 5-10 nm thick Pb(OH), layer has formed on top of the
nanorods, OH™ ions can no longer penetrate into the structure
and thus the thickness of the Pb(OH), layer around different
nanorods is quite consistent.

Figure 2 shows the excitation power-dependent uPL spectra
of Pb(OH), coated CsPbBr; rods with different diameters
of 1 (rod-A), 2.5 (rod-B), and 4 pum (rod-C). Schematic dia-
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grams and optical microscopy (OM) images are presented in
the upper panels. A 450 nm pulsed laser beam of area 1 um?
was focused onto the middle of the samples. The OM image
clearly shows guided emission emerging from the ends of the
rods, which is in good agreement with previously reported
results.'01127.28] For the rod-A, a broad emission near 495 nm
(sky-blue) was observed (Figure 2a). This peak is blue shifted
compared to the normal emission from CsPbBr; systems
such as quantum dots, nanocrystals, nanowires, and films of
520540 nm.[10.121427-37] n these studies, the signature CsPbBr;
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Figure 2. Power-dependent UPL spectra measured at CsPbBr; rods with three different diameters: a) =1 um, b) =2.5 um, and c) =4 um. All the emis-
sion peaks were fitted. The black dot circles are the data and the solid colored lines are fits and reconstructed peaks. d) Integrated PL intensity of the

sample C as a function of excitation power.
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emission sits in consistent wavelength regions and its intensity
increases linearly with excitation power, indicating an excitonic
origin. As for rod-B, an additional emission peak protrudes at
~518 nm (Figure 2b). Its intensity increases rapidly with exci-
tation power following a S-shaped dependence, which is con-
sistent with similar lasing seen by other researchers attributed
to biexcitonic emission.[*:8:3132]

In the case of bigger rods of width =4 um, an excitation power
run shows the emergence of a new green emission peak near
530 nm (Figure 2c) at relatively high pumping power. In order
to extract detailed intensity variation, all the spectra were fitted
using Gaussian profiles with the integrated intensity taken as
a function of excitation power as presented in Figure 2d. Apart
from the two emissions described above, new emission sites are
observed at wavelengths of 505 and 530 nm. As we expected, the
excitonic peak increases linearly with excitation power, whereas
the others show an S-shape behavior and hence originate from
stimulated emission where the cavity can be formed by both the
lateral and vertical sides of the rod (Figure S3, Supporting Infor-
mation) or due to the localization of carriers where population
inversion results in preferential emission.

Such a shift of 30 nm for the sky-blue emission from the well-
studied CsPbBr; PL peak at around 535-540 nm is caused by the
presence of the Pb(OH), cladding on the perovskite surface via
a reaction with the OH~ ions. Labile peripheral [PbX,]* octahe-
drals are replaced by a Pb(OH), bonded interface to strengthen
the surface stability and introduce surface passivation. Proof of
successful bonding can be seen in our earlier paper.??! Moreover,
such an emission shift can’t be due to residual MA* cations not
only because it is experimentally verified that no MA* signal is
seen in Fourier Transform Infrared Spectroscopy® but also

www.advopticalmat.de

from the fact that hybridizing with a larger cation in the unit
cell will lead to a spectral shift in a direction opposite to that
observed. In addition, the transition in Pb(OH), itself is also too
far from this wavelength range. With this surface cladding, the
cubic structure of CsPbBrj is altered into a rod like structure
and the actual thickness of the perovskite layer is thinner than
that measured from the outermost dimension. To examine the
remaining octahedrals relating to the original CsPbBr; structure
EDX images are shown together with an SEM image taken from
the same region (Figure S4, Supporting Information).

Temperature dependent uPL studies for rod-A and rod-C
are shown (Figure 3). At 4.5 K, PL spectra of both rods exhibit
emission peaks within a wavelength range of 495-510 nm.
The relatively uniform distribution verifies that the central
perovskite core is still preserved. While the sky-blue emission
site is seen in all of our rods at all temperatures, green peaks
at 540 nm matching the CsPbBr; signature wavelength are
seen locally in thicker rods. The details of these emissions will
be discussed later.

As the temperature increases toward 298 K, we noticed that
while the green CsPbBr; emission in rod-C blue shifts in agree-
ment with the typical trend observed in perovskite materials,
the sky-blue emission red shifts in both cases (Figure 3a,b).
Figure 3b shows that this red-shift leads to a merging with the
peak arising from the uncoated perovskite green emission and
eventually reproduces the CsPbBr; room temperature spectrum
peaking between 515 and 520 nm.’®3% The sky-blue emis-
sion taken below 150 K for both rods has an asymmetric and
almost unbroadened energy distribution with more tail states
associated with the higher energy side. It is then clear that
the energy transition of the radiative process at the cladding
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Figure 3. Temperature-dependent PL spectra of the rods with diameters of a) =1 um and b) =4 um. The insets in (a) depict the actual PL optical micros-
copy images taken at low and room temperature. The sky-blue emission is clearly seen at 4.5 K and the green emission is seen at room temperature.
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Figure 4. Spatial PL maps of rods with diameters of a,b) =1 um and c,d) =4 um. a) Map of integrated and single emission wavelength of the 495 nm
measured at 4.5 K. b) Map of integrated and single emission wavelength of 510 nm measured at 295 K. c) Map of the single emission wavelengths of
500 and 540 nm measured at 4.5 K. d) Mapping of the single emission wavelengths of 500 and 510 nm measured at 295 K.

interface splits from that of unpassivated CsPbBr; as the temper-
ature goes down. In the case of thinner rods (Figure 3a), almost
all the exciton recombination occurs at the interface. Another
noteworthy feature is that the PL intensity from the sky-blue
emission only decays by a factor of =1.5 from 4.5 K to room tem-
perature (Figure S5, Supporting Information), while that in all
other reported perovskite cases undergoes a reduction of 100 or
more to the best of our knowledge. Therefore, the interface states
are less vulnerable to thermal effects and this can explain why
the cladding helps improving the internal quantum efficiency.

Spatially resolved confocal WPL maps of rod-A and rod-C fil-
tered at the main wavelengths of interest are shown for 4.5 and
298 K in Figure 4. A comparison with rod-A at both tempera-
tures can be seen (Figure 4a,b). At room temperature, both rods
show relatively uniform intensity distributions all originating
from the interface emission in agreement with the merged
single spectrum toward high temperature. However, much
more localized green emission at 540 nm is seen for rod-C at
4.5 K (Figure 4c). In contrast, the PL intensity distribution for
the 495 nm sky-blue emission from both rods is the same as
that at room temperature. This is because the Pb(OH), clad-
ding is formed uniformly around the surface of those rods and
confirms that this emission originates from the perovskite—
cladding interface. The reason why there are no local green
emission sites in the thinner rod is that the core perovskite
cross section is on a scale of hundreds of nanometers and
hence the lattice strain is distributed smoothly between it and
the Pb(OH), interfaces. In the case of the thicker rod, due to
the larger size of the core region there can be significant lattice
mismatch between the interface and inner uncoated perovskite.
The resulting built-in strain can cause a discontinuity of the lat-
tice and hence introduce defect sites. Such defect sites can act
as traps and lead to localization of excitons.

In order to investigate the emission in rod-C, we used a uPL
system capable of exciting and collecting luminescence from
different positions on the sample as illustrated in Figure 5a. A
piezo-electric mirror is used to scan the excitation laser beam
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within the small angle approximation of the objective, where
linearity is maintained. A small tilt to the beam path introduces
a translational movement of the focused laser spot while the
objective itself is not influenced. The setup is hence capable of
decoupling the excitation and collection when this linear approxi-
mation is preserved. Such added degree of freedom enables
various new scanning modes including either fixing excitation or
collection and scanning the other. The scan can give spatial reso-
lution area of 1 um?, and here we used it to study the excitation
power dependence. The PL spectra measured with excitation and
detection both situated at one end is shown (Figure 5b). The two
emissions observed near at 522 and 538 nm are again seen to
arise from stimulated emission. However, these emission wave-
lengths are slightly different to the emission (515 and 529 nm)
measured at center-excitation and detection (Figure 2c). Almost
no sky-blue emission at =495 nm is seen due to the fact that the
morphology at the end of the rods is less regular and Pb(OH),
coverage is bad, which can be used again as evidence for veri-
fying the identity of the sky-blue emission as from interface pas-
sivated emission. In addition, this further proves that the green
stimulated emission is decoupled from the sky-blue emission.
The nature of the green stimulated emission is likely to be associ-
ated with the creation of an electron—hole plasma. The initial for-
mation of hot electron—hole plasma presents a broad energy dis-
tribution before cooling down to the individual cavity modes and
is hence consistent with the relatively wide stimulated emission
line observed in our spectra. This green emission is linked to the
signature emission wavelength of CsPbBr; at around 520 nm and
hence a slight red shift in emission wavelength can result from
the coupling to plasmon resonance which relaxes the energy
requirement for population inversion. Such a red-shift can also
occur in bi-excitonic lasing, however, in this case the line width
tends to be narrower and the red-shift in emission energy is
expected to be large. Given our relatively high-power pulsed exci-
tation, it is also certain that the lasing we observed is not linked
to exciton-polaritons. Another power run was performed by
keeping the collection at the end of the rod and the excitation

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 5. Power-dependent separable excitation-collection UPL spectra measured at CsPbBr; rods with a diameter of =<4 um. a) Schematic of separable
excitation and collection UPL operation, the blue excitation laser spot is controlled via a scanning mirror independently to the objective-controlled col-
lection site within the small angle approximation of the lens. b) The excitation and detection positions are the same at the end site of the rod. c) The
excitation and detection positions are separated at the center site and one end site of the rod. All emission peaks were fitted. The black dot circles are

the measured data and the solid color lines are fitted and reconstructed peaks.

at the center (Figure 5c). The resulting spectra once more dem-
onstrate that the sky-blue emission from the interface is again
observable. This hints that exciton transport within the interface
layer can be very long. No emission at either 515 or 530 nm is seen
(Figure 5c). This confirms that stimulated emission at defect sites
is limited to the confined regions only. All the peaks are slightly
red-shifted and this is predicted as the photons with higher energy
undergo stronger re-absorption when propagating along the rod.
The spatial profile of excitons at 4.5 K is further investi-
gated measured at excitation power of 0.28 W cm™ by fixing
the excitation at the center and scanning the collection along
the rod (Figure 6a). Study of carrier density distribution was
performed via spatially resolved time-integrated PL to extract
information relating to diffusion. A Gaussian profile is fitted
and the diffusion parameters are extracted and found to be
=~5.70 and =1.12 um, respectively. This number is of direct cor-
respondence to the ability of carriers to travel inside a solid
matter. It is clear then that lasing emission at the green site
is indeed much localized with little diffusion apparent before
recombination. Moreover, localization is expected to happen at

even smaller region as the spatial resolution is limited by our
focused laser spot size of =<1 um. On the other hand, the blue
emission exhibits a very long diffusion length. As the diffu-
sion length of the CsPbBr; nanocrystals were widely reported
from 290 nm to 9.2 um,*** our values are quite valid. A time
resolved PL (TRPL) comparison of the two peaks is shown
(Figure 6b). The green lasing lifetime is significantly shorter
than that of the sky-blue decay and is calculated to have a life-
time of 182 ps after convoluting the signal with our instrument
response function (IRF). This is expected since it arises from
stimulated emission (Figure 6c¢). Since localization increases
carrier density at the defect site, stimulated emission is hence
enhanced due to the large population of localized carriers pre-
sent. An electron-hole plasma is created locally near the excita-
tion laser spot. The associated fast decay then limits carriers
from escaping and results in a very short diffusion length but a
bright emission intensity. On the other hand, surface passiva-
tion through Pb(OH), stabilizes the peripheral structure and
reduces the density of edge states. Therefore, diffusion of the
excitons through the interface is enhanced.
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Figure 6. a) 1D UPL collected emission scan with fixed excitation at the center for the sky-blue interface site and green defect site. Both are fitted by
Gaussian profile to extract diffusion lengths of 5.70 and 1.12 um, respectively. b) Time-resolved comparison of the interface and defect emissions. The
defect emission has a decay lifetime in the picosecond regime limited by the instrument response function. The multiple peaks arise form electronic
reflections in the TCPC system. c) Time-resolved photoluminescence of the green emission with IRF.
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3. Conclusion

In summary, we have characterized enhanced PL due to surface
passivation from a Pb(OH), coating of CsPbBr; rods of various
diameters via time-integrated and time-resolved uPL analysis.
The PL peak of the CsPbBr;/Pb(OH), rod shows excitonic emis-
sion at a sky-blue wavelength near 495 nm, which is blue-shifted
compared to that of uncoated CsPbBr; structure. Narrower
lines falling within the wavelength range of 520-540 nm are
observed only in rods with a larger diameter (=4 um) and arise
from stimulated emission. Spatially resolved confocal PL map-
ping was performed along the rod and shows that the stimu-
lated emission is only confined locally within an area limited by
our confocal resolution. Temperature-dependent PL intensity
variation of the sky-blue emission indicates a drop of only 1.5
from 4 K to room temperature implying high PL quantum effi-
ciency. An accompanying red-shift due to confinement is also
observed with increasing temperature. By adding the function-
ality of fully separable excitation and collection scanning to our
confocal microscopy, we measured the diffusion parameters of
the sky-blue and green emissions to be =5.70 um and <1.1 um,
respectively, indicating not only that the exciton transport within
the interface layer can be very long but also that the stimulated
emission is confined to defect spots. The decay times are fur-
ther extracted to be 865 and 182 ps for the excitonic transition
of the sky-blue site and stimulated emission of the green site,
being consistent with the nature of the two emissions.

4. Experimental Section

Materials and Synthesis of CsPbBr; Rods: In a typical synthesis, first
Cs,CO; (500 mg, 1.5 mmol) was added to a 2 mL HBr solution of
PbBr, (1g, 2.7 mmol) in a small bottle and the bright yellow precipitate
of bulk CsPbBr; appeared immediately as an intermediate product. It
was then left in closed bottle filled with methylamine solution for one
day until its appearance turned greenish white where Pb(OH), was
formed at the surface of CsPbBr;. The methylamine reacted with water
generating hydroxide ions in solution. These hydroxide ions reacted with
the CsPbBr; and formed Pb(OH),-coated CsPbBr;. The final water-stable
CsPbBr; structure was obtained after ten days. The product was washed
several times with plenty of water and dried under vacuum at 60 °C.
The diameter of the Pb(OH),-coated CsPbBr; rods could be tuned by
varying the reaction time (days). As the methylamine gas slowly diffused
into the solution, the atmospheric temperature was also a crucial factor
for the evaporation of methylamine gas, which created OH™ ions by
reacting with water. More homogeneous samples could be prepared by
keeping the rods for one month in closed conditions. During the sample
preparation, the atmospheric temperature was maintained at 20 °C.

Structural Characterization: The powder X-ray diffraction was done on
a D/MAX2500V/PC diffractometer, Rigaku using a Cu-rotating anode
X-ray system (Figure S1, Supporting Information). The Bragg diffraction
angle (26) range was set to 10-50° and the scan rate was 2° min~\.
Transmission electron microscopy images were taken on a JEOL JEM-
2100F electron microscope using a 200 kV electron source. Samples were
prepared on 200-mesh carbon coated Cu grids by dropping nanocrystal
solutions, which were then allowed to evaporate.

Optical Characterization: In order to measure the UPL, the solution
of CsPbBr; rods was dispersed on an Au patterned SiO, substrate to
determine the position of clusters with different sizes. The scanning
electron microscopy image is shown in Figure S2, Supporting
Information. A pulsed 450 nm laser operating at 40 MHz was used as
an excitation source through a confocal setup. The sample was mounted
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in a continuous-flow helium cryostat, allowing the temperature to be
controlled accurately from 4.5 K to room temperature. A 100 x long
working distance apochromatic objective was held by a sub-micron
precision piezoelectric stage above the cryostat and used to focus
the incident laser beam to a spot size of =1 um? and to collect the
resulting luminescence. The luminescence was then directed to a
0.3 m focal length spectrometer with a 1200 g mm™ grating giving
a spectral resolution of =700 peV. The signal was finally detected using
a cooled charge coupled device detector. A telecentric lens arrangement
was also present allowing the incident angle of the exciting laser at the
entrance to the objective to be varied by a computer-controlled mirror
thus provided an independent means to move the exiting spot relative to
the collected emission, which was imaged confocally through the center
of the objective. TRPL measurements were carried out using the same
experimental set up as above. The dispersed PL was reflected toward
a photomultiplier connected to a commercial photon counting system
(Picoquant Time Harp). Measurements of the lifetimes of the confined
states were then carried out over a range of excitation power densities.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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