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Room-Temperature Red—-Green-Blue Whispering-Gallery
Mode Lasing and White-Light Emission from Cesium Lead
Halide Perovskite (CsPbX3;, X = Cl, Br, 1) Microstructures

Pengfei Guo, Mohammad Kamal Hossain, Xia Shen, Haibin Sun, Wenchao Yang,
Chaoping Liu, Chun Yuen Ho, Cheuk Kai Kwok, Sai-Wing Tsang, Yongsong Luo,

Johnny C. Ho, and Kin Man Yu*

Wavelength-tunable nano/microlasers are essential components for various
highly integrated and multifunctional photonic devices. Based on the dif-
ferent band gap/composition of inorganic cesium lead halide perovskite

materials, broad band light absorption and emission devices can be achieved.

Herein, a vapor-liquid—solid route for growing cesium lead halide perovskite
(CsPbX3, X = Cl, Br, I) microcrystal structures is demonstrated. These
square-shaped microstructures exhibit strong blue, green, and red photolu-
minescence, indicating that their band gaps can be engineered to cover the
entire visible range. Optically pumped red-green-blue whispering-gallery
mode lasers based on the controlled composition of these microcrystals are
successfully realized at room temperature. Moreover, rationally designed
white-light-emitting chips with high brightness are fabricated utilizing these
metal halide perovskite microstructures grown on sapphire. All these results
evidently suggest a feasible route to the design of red—green-blue lasers and
white-light emitters for potential applications in full-color displays as well as

1. Introduction

A rational design and construction of
white-light-emitting components based
on semiconductor materials are extremely
important in lighting and display technol-
ogies.'™ In general, there are two reason-
able approaches developed to realize the
white light source. They are the synthesis
of semiconductor alloy nanostructures
with widely tunable band gaps,*~ and the
construction of a white lighting emitter
with various single band gap semiconduc-
tors that have monochromatic lumines-
cence with high quantum efficiency.®-1%
However, white light generated from
red—green-blue emitters based on semi-
conductor nanostructures has been known
as the major challenge in the solid-state
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lighting community.'2%° For example,
a suitable mix for white-light radiation
with favorable wavelengths and inten-
sity ratios, proper color rendering index, and high stability is
still lacking.'112] Recently, perovskite materials have brought a
variety of new opportunities for the advancement of nanopho-
tonics and optoelectronics.'323 In particular, inorganic metal
halide perovskites, such as cesium lead halide perovskites, have
drawn enormous attention because they show great promises
for various photoelectric applications, such as the natural high-
quality whispering-gallery-mode (WGM) or Fabry—Perot (F-P)
resonators,[10172426] Jager cooling,!"¥! solar cells,?”% and light
emitting diodes.[317331 Moreover, they also exhibit a broad band
gap tunability for multifunctional devices and circuits covering
the entire visible spectrum.[2% Therefore, these unusual semi-
conductor materials may offer the opportunity to design novel
white-light-emitting devices in future full-color displays.
Currently, solution-based synthesis methods have been
commonly used to realize the band gap-tunable cesium lead
halide perovskite (CsPbX; X = Cl, Br, 1) quantum dots.347]
Protesescu et al. reported a new avenue for the growth
of CsPbX; perovskite nanocrystals by the solution phase
method, which shows bright emissions with a wide color
gamut.’® In comparison, chemical vapor deposition (CVD)
is another attractive approach for the synthesis of diverse
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low-dimensional nanostructures with advantages of simple
setup, low cost, easy operation, and high yield.3** Particu-
larly, the CVD approach involving the evaporation of solid
precursors has been especially popular because of its flexi-
bility for a wide range of material syntheses. For example, var-
ious inorganic perovskite nanostructures have been realized
via this CVD approach, acting as nanoscale lasers,** light
emitting diodes (LEDs),!*! and solar cells.*’] Very recently, the
composition-tunable perovskite CsPbX; nanowires have also
been achieved, which can be functioned as effective Fabry—
Perot resonators with emissions from 415 to 673 nm.??l How-
ever, to the best of our knowledge, white-light-emitting chips
based on the all-inorganic high-quality metal halide perov-
skite microcrystals, which may have wider potential applica-
tions, have not yet been demonstrated.

In this work, we report the synthesis of crystalline CsPbX;
(X = Cl, Br, I) microcrystals by a simple CVD method. Detailed
investigation shows that these microcrystals have excellent
crystallinity, exhibiting strong blue, green, and red emissions
with band gaps covering the entire visible range. In addition,
room temperature red—green—-blue WGM lasers based on these
CsPbX; microstructures are readily achieved by pumping with
a 355 nm pulsed laser. Moreover, high brightness white-light-
emitting chips have also been fabricated based on these metal
halide perovskite microcrystals. All these results evidently
suggest a feasible route to the rational design of red—green—
blue lasers and white-light emitters, which have promising
applications in the next-generation full-color displays and inte-
grated photonic devices.

www.advopticalmat.de

2. Results and Discussion

Generally, low and high resolution scanning electron micro-
scopy (SEM) images reveal that CsPbCl; microstructures syn-
thesized by our CVD method (see the Experimental Section) are
square-like crystals with a side length of several micrometers
(Figure 1A,B) and a thickness of several hundreds of nanom-
eters (Figure S1, Supporting Information). Figure 1C shows
an X-ray diffraction (XRD) pattern of CsPbCl; microstructures,
which can be indexed to the tetragonal phase. Microstructures
of CsPbBr; and CsPbl; with similar morphology were also pre-
pared via the same CVD method and their SEM micrographs
and XRD patterns are shown in Figure S2 (Supporting Infor-
mation). Unlike CsPbCl;, CsPbBr; and CsPbl; microstruc-
tures are indexed to the monoclinic and orthorhombic phases,
respectively. The size distributions of the CsPbCl;, CsPbBrj3,
and CsPbl; microcrystals (see Figure S3, Supporting Infor-
mation) depicted in Figure 1D reveal that the average size of
CsPbl;, CsPbBr3;, and CsPbCl; microcrystals is about 2, 6, and
3 um, respectively. Notably, these distributions were obtained
by measuring more than 400 microcrystals in each sample
group. It can be anticipated that all these CsPbX; microcrys-
tals are formed during the self-assembly random process. Since
the CsPbX; (X = Cl, By, I) crystals underwent a phase transition
from cubic to tetragonal (CsPbCls), monoclinic (CsPbBr;), and
orthorhombic (CsPbls), respectively, at the temperature of 47,
130, and 328 °C.1*8] The well-defined square-like morphology of
all these microstructures may originate from their cubic phase
at high temperature during growth.[*84
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Figure 1. A) A low-magnification and B) a high-magnification SEM image, and C) an XRD pattern of as-grown CsPbCl; microstructures. D) Size
distributions for the CsPbCl;, CsPbBr3;, and CsPbl; microcrystal samples as shown in Figure S1 (Supporting Information). These data were gathered
by counting more than 400 microcrystals from the SEM images in each sample group.
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At the same time, the composition of these microstructures
was measured by energy-dispersive X-ray spectroscopy (EDX)
analysis. Figure 2A-C shows the EDX spectra of these micro-
structures. Specifically, the atomic ratios of each constituent
are measured to be [Cs:Pb:Cl = 17.0:18.7:64.3, Cs:Pb:Br =
18.1:18.1:63.8, and Cs:Pb:I = 18.4:18.3:63.3]. These atomic ratios
are in good agreement with the expected 1:1:3 ratio for Cs:Pb:X
(X = Cl, Br, I), indicating that the microstructures are indeed
CsPbCl;, CsPbBr3, and CsPbI;, respectively. The corresponding
elemental mapping images of these typical CsPbX; micros-
quares are shown in Figure 2D-F, which clearly reveal the homo-
geneous atomic distributions throughout the entire squares.
No detectable amount of other impurities or noticeable cluster-
ings can be observed within these structures. Results shown in
Figure 2D-F suggest that these structures are indeed random
ternary semiconductor alloys. As an example, Figure 2G shows
a low-magnification transmission electron microscope (TEM)

www.advopticalmat.de

image of CsPbBr; microcrystals that were randomly dispersed
on a copper grid. The inset of Figure 2G displays a typical TEM
image of a single CsPbBr; crystal with the side length of =3 um.
The corresponding selected area electron diffraction (SAED) pat-
tern shown in Figure 2H indicates that these CsPbBr; micros-
quares are single crystalline with the monoclinic structure.

To shed light on their optical properties, Figure 3A,D,G gives
the top-view real-color images of perovskite CsPbX; (X=Cl, Br, I)
microcrystals grown on Si/SiO, substrates under a continuous
wavelength 403 nm laser illumination. The insets show the
real-color photographs of a typical CsPbX; square microcrystal,
which exhibit bright blue, green, and red emissions, respectively.
Figure 3B,E H illustrates the corresponding photoluminescence
(PL) spectra and far-field emission pictures of these CsPbXj
microcrystals. Under focused laser excitation, strong emissions
with luminescence peaks at the wavelength of 425, 531, and
706 nm are observed for CsPbX; with X=Cl, Br,and I, respectively.

n-wm Ewno
3500

Pb CsPbC Pb
'3 3500 |
3000+ Element | Atomic% 3000 Br
250 a 64.24 e |
3 2000 |Pb Cs 17.03 S 20004
Ogs0] || )@ Pb 18.73 8 P |
| To 100.00 1
10004 Totals 10000 Pb

300 CsPbl
Element i)\lonuc% | | —Elcmcm YT
| I 63.25
B 163,80
e |isos £ 200 | Cs 18.45
Pb Lis.12 2 Pb 18.30
ot Tols  |100,00
Totals | 100.00 (6] olals

CsPbEry

20 1/nm

Figure 2. Compositional analysis of CsPbX; (X = Cl, Br, ) structures. A-C) EDS spectra of CsPbCls;, CsPbBrs, and CsPbl; microcrystals, respectively.
The insets are the corresponding atomic ratios of the crystals. D—F) Typical SEM images and corresponding elemental maps of the CsPbCl;, CsPbBrs;,
and CsPbl; microcrystals. G) A low-magnification TEM image of CsPbBr; microcrystals. The microcrystals were randomly dispersed on a copper grid.
The inset shows a representative TEM image of a single CsPbBr; crystal. H) The corresponding SAED pattern of the CsPbBr; microcrystal shown in

the inset of (G).
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Figure 3. Top-view real-color PL images of the as-grown A) CsPbCl;, D) CsPbBr;, and G) CsPbl; microcrystals excited by a 403 nm unfocused laser.
The insets show the enlarged photographs of individual crystals. B,E,H) PL spectra collected from the CsPbCl;, CsPbBrs;, and CsPbls; microcrystals,
respectively: the insets show the corresponding far-field emission pictures from the original substrate. C,F,I) Time-resolved PL spectra of the perovskite

microstructures (CsPbX;, X = Cl, Br, 1), respectively.

It is worth noting that the luminescence peaks are rather sharp
with full-width-at-half-maximum (FWHM) peak widths of =20
nm. These optical properties are consistent with high-quality
single crystalline materials as shown in structural analysis results
in Figure 2. Carrier lifetimes of the CsPbX; microstructures
are also obtained from time-resolved PL spectra as shown in
Figure 3C,F,I. A short decay time of 3.5 ns is observed for
CsPbCl; microstructures. However, the lifetimes of CsPbBr;
and CsPbl; are much longer, and they are about 36.9 ns
(Figure 3F) and 59.7 ns (Figure 31), respectively. The lifetimes of
these structures are found to vary at different positions on the
substrate (see Figure S4 in the Supporting Information), which
is probably due to the variation in thickness and size of these
perovskite structures on the substrate.’%!] In this case, further
investigations on single crystals are needed in the future for an
in-depth understanding of effects of structural properties on the
carrier dynamics of these microstructures.

For practical applications, we propose to use these square-like
microstructures of CsPbX; as the gain materials and resonant
cavities simultaneously for the fabrication of WGM lasers.’?>4
To validate this concept we use a 355 nm pulsed laser beam
focused to =100 um by a microscope objective to optically pump
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on a CsPbCl; microcrystal. The optical signals are then detected
in situ by a spectrometer, since a local modulation is often nec-
essary for integrated photonic circuits.’>°¢ Figure 4A plots the
pumping power-dependent PL spectra of a single CsPbCl; micro-
crystal with a side length of =15 um at room temperature. The
microcrystal exhibits broad spontaneous emission bands with
the peak centered at 425 nm at a low pumping power density as
shown in the right enlarged PL spectrum in Figure 4A. When the
pump power was increased to certain levels around 32.7 uJ cm™,
sharp emission lines started to appear at around 427 nm, indi-
cating that lasing action in this microcavity occurred. At this
high pump power, a great majority of photons are emitted from
the edge of the microsquare, resulting in a WGM:-lasing emis-
sion from the microstructure. The left inset in Figure 4A shows
the emission images of the CsPbCl; microcrystal with the power
density below and above the lasing threshold, which intuitively
reflect the photon behavior under different excitation states. The
middle inset in the figure shows the enlarged PL spectrum with
the pump power density of 94.8 1] cm~2, in which WGM can be
clearly seen to be located on both sides of the peak center.

It is worth mentioning that the FWHM of the lasing mode
is 0.48 nm owing to the occurrence of stimulated emission in
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the WGM cavity (Figure S5, Supporting Information), which is
much narrower than original luminescence peaks (=20 nm).
This lasing line width of the dominant emission peak of
0.48 nm is comparable to most previously reported values of
0.2612% and 0.49 nm[”! on perovskite microcavities. Mode hop-
ping does not occur when the laser operates with the increased
pumping power density, which suggests that the lasing stabili-
ties for these perovskite microplates are acceptable. The meas-
ured mode space AA is 1.27 nm (Figure S5A, Supporting Infor-
mation), being consistent with the calculated results according
to the definition of the mode spacing in a square WGM reso-
nator described with the analytical formulal”!

AL= A% [2\[2Ln, 1)

where AA is the mode spacing, L is the side length of the
microsquare, n, is the refractive index, and A is the emis-
sion wavelength. The calculated spacing is 1.25 nm from this
equation.

Luminescence intensity of the lasing peaks from the micro-
crystals as a function of the pumping power density is also
displayed in Figure 4B; it clearly exhibits a linearly increasing
trend when the power density is increased above a threshold
of =32 uJ cm™. In this case, the blue-green-red peaks lasing
from microcrystals of CsPbXj; perovskites with different anions
(X = Cl, Br, I) were successfully realized at room temperature,
as shown in Figure 4C. Pumping power-dependent PL spectra
of single CsPbBr; and CsPbl; microcrystals at room tempera-
ture are given in Figures S6 and S7 (Supporting Information),
in which the lasing peaks are located at 534.3 and 708.6 nm,
respectively, with thresholds of about 16.7 and 28.4 puj cm™.
These threshold values are slightly higher than those found
for CsPbX; nanowires by Fu et al. (2.8-9 uJ cm™?)["% and
Zhou et al. (2.1-15 pJ cm™?)% for F-P lasing. Comparing to
the lasing threshold of 125 uJ cm™ reported by Wang et al. for
CsPbBr; perovskite platelet,™! our lasing thresholds are sub-
stantially lower. Notably, all the multicolor lasing peaks have a
tiny redshift of =16 meV as compared with the corresponding
spontaneous emission peaks, owing to the self-absorption pro-
cess during the light transmission and oscillation. All results
clearly demonstrate that the microstructures can confine tri-
color emissions, which can provide the necessary model mate-
rials for white-light emitters.

At present, the white-light emission based on nanostructures
of a single perovskite crystal still faces enormous challenges.??
Here, we propose a white-light-emitting device based on perov-
skite structures grown on sapphire substrates. Figure 5A depicts
the schematic diagram of the experimental configuration for the
measurement of the optically pumped PL spectra. The excitation
laser beam (403 nm output) was focused (spot size, =200 um)
by an objective and then pumped locally on the microstruc-
tures grown on sapphire substrates. The local optical signal is
then detected by a spectrometer, and the far-field optical image
is recorded by a charge coupled device (CCD) color camera.
Figures 5B-D shows the real-color emission photographs and
PL spectra of the perovskite CsPbX; structures, respectively.
Blue (425 nm; Figure 5B), green (531 nm; Figure 5C), and red
(706 nm; Figure 5D) emissions with the high fluorescence effi-
ciency on the thin sapphire substrate can be clearly seen. This
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Figure 4. Stimulated emission spectra of CsPbX; (X = Cl, Br, 1) perov-
skite microcrystals. A) Pumping power-dependent PL spectra of a single
CsPbCl; microcrystal at room temperature. The left insets show PL image
of the microcrystals with the power density of 15.4 and 94.8 i) cm™2 (scale
bar is 10 um), while the middle and right insets show the enlarged PL
spectra with the pump power density of 94.8 and 15.4 1) cm™?, respec-
tively. B) Pumping power-dependent PL intensity of the lasing peaks. C)

Red, green, and blue lasing from the perovskite microstructures (CsPbXs,
X =dl, Br, I).

high fluorescence efficiency may arise from the excellent crystal-
linity of the materials. At the same time, the sapphire substrate
may also contribute to the optical transmission and diffusion
of the guided light. A comparison of the luminescence inten-
sity of perovskite CsPbBr; microcrystals grown on SiO,/Si and
sapphire substrates demonstrated that the emission intensity of
microcrystals on sapphire is 1.2 times larger than that grown
on the SiO,/Si under the same excitation conditions (Figure S8,
Supporting Information). More importantly, our perovskite

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

A

Laser

I-l Beam

<« Band-pass Filter

Sample

Objective

i

Objective

Mirror

Long-pass Filter

Ta
=
= 3000+
]
o)
o
S
. 2000+
=
]
c
9]
—
£ 1000+
-~
o
D« ! 1 1 I 1 1 o I
450 500 550 600 650 700 750

Wavelength (nm)

www.advopticalmat.de

g
_e' T
8
Spectrometer §'_
2
o
1=
450 600 750
Wavelength (nm)
£ T2
3
¢ o
®
én -
g1 |
2 |
= i\

450 600 750
Wavelength (nm)
E4T3

Half Mirrgr_ €CD

intensity (arb.un

Waveﬁ?%fﬁ?%m)

CIE 1931 x,y chromaticity diagram

T1 T2
T Ta
SHiD

0.9,
520

084

0.04
0.0

0.4 0.s 0.6 0.7 08

-

0.3

Figure 5. Optical investigations of CsPbX; (X = Cl, Br, I) perovskite microcrystals. A) A schematic diagram of the optical setup of the PL measurement.
B-D) PL spectra and corresponding far-field emission images of the perovskite (CsPbX;, X = Cl, Br, I) microcrystals grown on sapphire at room
temperature, respectively. A 1 mm scale bar is shown on each image. E) PL spectrum and far-field emission picture of the tri-layer sapphire chips with
CsPbX; (X =Cl, Br, I) crystals. F) CIE chromaticity diagram of the four different samples calculated using the obtained PL spectra shown in T;-T,.

microcrystals exhibit high stability under the laser excitation.
For example, the CsPbBr; microcrystals, which were grown on
sapphire substrate, were illuminated by a focused 403 nm laser
in an air environment. After the irradiation for several cycles,
the emission intensity of our sample experienced no noticeable
attenuation, as shown in Figure S9 (Supporting Information).
Finally, multiwavelength emissions from these perovskite
CsPbX; microstructures were also investigated at room tem-
perature. CsPbX; microstructures with different anions were
grown on separate sapphire substrates and then they were
stacked together. Since microcrystals were grown randomly on
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sapphire substrates (see Figure S8, Supporting Information),
there is sufficient space between microcrystals for the pump
laser to pass through the sapphire substrate on top and illumi-
nate the microcrystals underneath. Figure S10A,B (Supporting
Information) plots the PL spectra of dual-layer sapphire chips
with CsPbX; (X = Cl and Br or X = Br & I) crystals, respectively.
Dual-wavelength emission with the peaks at 425 and 531 nm
for X = Cl and Br (Figure S10A, Supporting Information) and
531 and 706 nm for X = Br and I (Figure S10B, Supporting
Information) is demonstrated coming from the dual-layer sap-
phire chips with various perovskites, respectively. Figure 5E

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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shows the white-light emission of the tri-layer sapphire chips
with CsPbX; (X = Cl, Br, I) microcrystals. The three lumines-
cence peaks located at 425, 531, and 706 nm in the PL spec-
trum are consistent with the observed white-light emission
in Figure 5E. Importantly, Figure 5F depicts the Commission
Internationale de L'Eclairage (CIE) chromaticity diagram of the
four different samples calculated using the obtained PL spectra
shown in T;-T,. A white-light emission T, was located nearly
at the center of CIE chromaticity diagram formed by the three
typical emissions Ty (425 nm, blue), T, (531 nm, green), and
T3 (706 nm, red). All these results evidently demonstrate that
these perovskite microcrystals can be exploited as next-genera-
tion integrated full-color display devices.

3. Conclusion

In summary, high-quality metal halide perovskite microcrystals
were synthesized by a simple CVD process. Microstructural
characterization reveals that all these crystals have a single-
crystalline-like structure without any observable defects. Room-
temperature optically pumped lasing with red, green, and
blue emissions are also successfully realized by WGM oscil-
lator based on these perovskites (CsPbX;, X = Cl, Br, I) micro-
squares. Moreover, for the first time a white-light-emitting
device was achieved based on perovskite (CsPbX3, X = Cl, Br, 1)
layered structures grown on sapphire. All these findings indi-
cate that these metal halide perovskite materials have the prom-
ising potency for the utilization in integrated full-color display
devices, and other photonic elements throughout the entire vis-
ible range.

4. Experimental Section

Material Preparation: Perovskite microstructures were grown via a
CVD method. All powder sources and reagents were purchased from
Alfa Aesar. The setup includes a horizontal furnace with a quartz tube
(inner diameter = 45 mm, length = 150 cm). Before the growth, CsX and
PbX, (X = Cl, Br, 1) were mixed in a boron nitride boat, with a mole ratio
of 1:1, located at the center of the furnace. SiO,/Si or sapphire substrate
pieces were placed at the downstream to collect the product. Before
heating up, an argon gas flow was introduced into the tube at 100 sccm
for half an hour to purge out any residual air of the tube. After that, the
furnace was heated to temperatures of 620, 620, and 580 °C at a rate of
35 °C min' to grow the CsPbCl;, CsPbBr;, and CsPbls, respectively. At
the same time, the tube pressure was fixed at 4.8, 4.8, and 5.2 torr for
the growth of the three materials and the growth lasted for a duration
of 30 min. After the growth, the furnace was naturally cooled to room
temperature.

Optical Characterization: PL measurements were performed by a
home-built optical system. A 403 nm laser beam was focused to =80 pm
and pumped on the perovskite microstructures by a microscope objective.
A CCD camera was used to record the far-field optical photographs
and real-color images as shown in Figure 5A. Stimulated emission
experiments were performed by another confocal optical system. A
355 nm pulse laser was focused to =100 um and then pumped locally
onto the microcrystals. Optical images and PL spectra were recorded by
a noncolor CCD camera and Ocean Optics Spectrometer (USB 4000),
respectively. The PLQY was measured using a home-made intergraded
sphere to quantify the absorbed photons and emitted photons. The
photoluminescence quantum yield (PLQY) measured for CsPbX; (X = Cl,
Br, 1) perovskite samples is 5.9%, 10.0%, and 8.3%, respectively.
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Supporting Information is available from the Wiley Online Library or
from the author.
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