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Shape-Designable and Size-Tunable Organic-Inorganic
Hybrid Perovskite Micro-Ring Resonator Arrays

Shun-Xin Li, Hong Xia,* Guo-Ping Zhang, Xiao-Lu Xu, Ying Yang, Gong Wang,

and Hong-Bo Sun*

Micro-ring resonators are widely used in many fields due to their compact
structure, high integration, and rich functions. In recent years, perovskite
materials have been widely concerned because of their superior proper-

ties and various shapes of perovskite-based optical resonators have been
achieved. Despite the excellent photoelectric properties of perovskite
materials, it is difficult to realize micro-ring resonators based on perovskite
materials due to its tendency to crystallize into cubic structures. Here, this
problem is solved by a microstructure edge-guided crystallization method to
fabricate shape-designable and size-tunable methylammonium lead bromide
(MAPbBYr;) micro-ring resonator arrays with high performance.

In recent years, the development of optoelectronic informa-
tion technology requires higher integration of optoelectronic
devices."% Because of its compact structure, high integration,
and rich functions, micro-ring resonators have been considered
as one of the best building blocks of photonic integrated sys-
tems.%] Micro-ring resonators with unique properties such as
small volume, multiple functions, and high quality factor have
attracted wide attentions in many fields such as optical commu-
nication, biochemical sensing, non-linear optics, and quantum
optics.'-1] Since it was first proposed in 1969, micro-ring reso-
nators have been successfully achieved in various material sys-
tems such as silicon, III-V semiconductor, glass, and polymer
by various methods such as electron beam lithography, dry
etching, and ultraviolet lithography.l'®-2% So far, scientists are
still exploring new materials to fabricate high quality micro-
ring resonators.[21-23]
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Perovskite materials have attracted
widespread attention due to their excel-
lent photoelectric properties and have
been considered as an important material
for many optoelectronic devices.?*? For
example, Xiong group had successfully
achieved room-temperature near-infrared
perovskite planar nanolasers in perovskite
nanoplatelets.?”] Despite the exciting pro-
gress of perovskite-based resonators such
as  micro-disks,?"34  micro-wires,3>30l
micro-spheres, 738 and so on,3% attributed
to the fact that perovskite materials tend to
crystallize into cubic shaped microcrystals,
it is more difficult to form a curved ring
structure.”) Although the preparation methods of micro-rings in
other materials are becoming more and more mature, " there
are few reports on perovskite micro-ring resonators.*”! Due to the
instability of perovskite materials and its sensitivity to organic
solvents, these solvent etching involved conventional micro-ring
preparation methods are difficult to apply to the perovskite mate-
rial directly.***] Recently, Cui group proposed a novel method
of using polystyrene (PS) spheres as templates to guide the crys-
tallization of inorganic perovskite CsPbBr; into micro-ring struc-
tures successfully.*”! Although CsPbBr; micro-ring arrays were
obtained by this method, the subsequent removal of PS spheres
with toluene was harmful to the morphology and the crystallinity
of the micro-rings, which were crucial for the performance of
the resonators.*)) Zhang et al. had achieved Ruddlesden—Popper
perovskite micro-ring resonators with designable shape and size
by a polydimethylsiloxane (PDMS) template with concave micro-
ring structures. Because the micro-ring is formed by a closed
waveguide with a width as small as a few micro-meters or even
hundreds of nanometers, the template preparation requires com-
plicated nano-patterning preparation technology, which increases
the preparation cost and prolongs the manufacturing cycle of
micro-ring resonator. In order to maximize the application of
perovskite materials in integrated optics, it is urgent to find a
simple method to realize perovskite-based micro-ring resonators.

Here, we propose a microstructure edge-guided crystalliza-
tion method to fabricate organic—inorganic hybrid perovskite
methylammonium lead bromide (MAPbBr;) micro-ring reso-
nator arrays. The perovskite precursor solution is confined
between the substrate and the PDMS template with micro-cylin-
drical structures, and the crystallization position and direction
are controlled by the edge of the micro-cylindrical structures.
By this method, large area and various shapes of ring resona-
tors were obtained in a few minutes. Laser emission confirmed
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the high quality of these micro-ring resonators. By adjusting
the size of the micro-ring, different modes of laser were real-
ized. Our method broadens the range of material selection for
the preparation of micro-rings.

The fabrication process of perovskite micro-rings based
on edge-guided crystallization is shown in Figure 1la-d.
First, PDMS film with micro-cylindrical arrays (as shown in
Figure S1, Supporting Information) is tightly bonded to the
substrate under suitable pressure. Release the pressure after
making sure the micro-cylindrical arrays are in close con-
tact with the substrate. During the shrinkage of the solution,
the crystals tend to nucleate at the micro-scaled dirt on the
substrate, resulting in unwanted small crystal grains. Therefore,
in the preparation process, we must carefully clean the sub-
strate to avoid providing extra nucleation point for perovskite.
An appropriate amount of the perovskite precursor solution
is then dropped on to the edge of the PDMS film and sand-
wiched between the substrate and the PDMS film, as shown
in Figure la. At an appropriate heating temperature, the solu-
tion begins to evaporate, and the solution gradually shrinks,
forming a circle of saturated solution at the edge of each micro-
cylindrical, as shown Figure 1b and the enlarged diagram.
As the solution continues to evaporate, the solution that is
attached to the edge of the micro-cylindrical structure begins to
crystallize. Because of the guidance of the cylindrical structure,
crystallization proceeds along the periphery of the cylindrical
structure. Therefore, a ring-shaped perovskite crystal is formed
around the periphery of each micro-cylindrical structure, as
shown in Figure 1c and the enlarged diagram. After the crys-
tallization process is completed, the micro-structured PDMS
film is peeled off and the perovskite ring array is obtained as
shown in Figure 1d. In order to further understand the crys-
tallization process of perovskite rings, we in situ observed this
process under a microscope, as shown in Movie S1, Supporting
Information, and Figure le-h. A red dye was added to the pre-
cursor solution for a clearer observation of the crystallization
process. The crystallization process could be divided into four
stages. First, the solution was distributed between the substrate
and the PDMS film. As shown in Figure le, since the pro-
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Figure1. a—d) Schematic diagram of the preparation process of the MAPbBr; micro-ring arrays. e-h) In situ observation of micro-ring crystal growth process.

truding micro-cylindrical structures of the PDMS were tightly
bonded to the substrate, the red solution was distributed out-
side the micro-cylinder structures. In the second stage, as the
solvent gradually evaporated, the volume of the sandwiched
solution was getting smaller and the solution concentration
gradually increased, so the red color of the solution became
deeper (Figure 1f). When the volume of the solution was small
enough, the solution began to shrink, and during the shrinking
process, a part of the high concentration solution adhered to
the peripheries of the micro-cylinder structures, as shown in
Figure 1g. In the final stage, as the solution continued to evapo-
rate, the crystallization process proceeded rapidly around the
micro-cylinders, and finally perovskite crystals with ring shape
consistent with the micro-cylinder structures were formed
(Figure 1h). Since the crystallization process proceed around the
micro-cylinders, although the width of the waveguide forming
the micro-ring is small, the size of the micro-cylinders of the
template does not need to be very small. Therefore, no sophis-
ticated technique is required to prepare the template. This is
beneficial to the low-cost and time-saving fabrication. Because
the crystallization process is similar to the previously reported
process and no steps that are detrimental to the properties of
the crystal involved, the optical and electrical properties of the
micro-ring crystal can match the results in literatures.[3%
Various characterization methods had been applied to
characterize the MAPDbBr; micro-ring arrays obtained by this
method, as shown in Figure 2. As can be seen from the fluores-
cence microscope image (Figure 2a), the obtained micro-rings
have bright green fluorescence under the excitation of 405 nm
laser, and the luminescence of all micro-rings is uniform, sug-
gesting that the obtained micro-rings possess high crystalliza-
tion quality and uniform morphology. The black place repre-
sents the substrate without crystals, indicating that the crystal-
lization position is precisely controlled by the PDMS template.
From the scanning electron microscopic (SEM) image with low
magnification in Figure 2b, it can be noticed that all the micro-
rings have uniform morphology and size, which is attributed
to the precise control of the PDMS template. From the high
magnification SEM image (Figure 2c), it can be seen that the
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Figure 2. a) Fluorescence microscopy image of the highly aligned MAPbBr; micro-ring arrays. b) SEM image of highly aligned MAPbBr; micro-ring
arrays. c) High magnification SEM image of a MAPbBr; micro-ring. d) AFM image of a single MAPbBr; micro-ring. e) Height profile of a single MAPbBr;

micro-ring. f) XRD pattern of MAPbBr; micro-ring arrays.

micro-ring is a complete closed structure. Although the micro-
ring is a crystal of a curved shape, there are no obvious cracks
and open gaps in the micro-ring crystal, which can be observed
from the enlarged SEM picture (Figure S2, Supporting Informa-
tion). This complete ring structure and uniform surface mor-
phology is beneficial to the confinement of light by the micro-
ring, thereby ensuring the function of the micro-ring as a reso-
nator. The morphology of the micro-ring was further character-
ized by atomic force microscopy (AFM), as shown in Figure 2d.
The micro-ring not only has a perfect circular shape but also a
uniform height, which is presented in the lateral height profile
in Figure 2e. These characterizations demonstrate the complete
ring structure of the micro-rings obtained by this method and
suggest their crystallinity, which is confirmed by X-ray diffrac-
tion (XRD), as shown in Figure 2f. As a controlled experiment,
the XRD pattern of the perovskite thin film prepared by drop
coating method is shown in the Figure S3, Supporting Infor-
mation. We found that this microstructure edge-guided crys-
tallization method has no negative effect on the crystallinity of
perovskite micro-ring. The uniform distribution of Pb, Br, and
Si elements in perovskite micro-rings is displayed in EDS map-
ping in Figure S4, Supporting Information. The uniform distri-
bution of Pb and Br elements in micro-ring at an atomic ratio
of 3.57:11.6 = 1:3 is consistent with the atom ration in MAPDbBT;.
The black ring shape in Figure S4d, Supporting Information,
proves that there are no cracks and open gaps in the micro-
ring. The absorption and PL spectra of the micro-ring arrays
were shown in Figure S5, Supporting Information.
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The concentration of the precursor solution is a very critical
factor for the preparation of the micro-rings. We have found
that when the concentration of the precursor is too low, the
amount of the solute is too small to form a complete ring struc-
ture. As shown in Figure S6a, Supporting Information, when
the concentration is below 15 wt%, the obtained micro-rings
are incomplete. When the concentration is too high, a large
amount of solute will result in a large amount of bulk crystals
and unwanted grains. As shown in Figure S6b, Supporting
Information, when the concentration is higher than 30%, a bulk
crystal is distributed around the PDMS micro-cylinder struc-
tures to form a crystal thin film with cylindrical concave struc-
tures. Therefore, we used a precursor solution with a concentra-
tion of about 25% to prepare the micro-ring arrays. Although a
high temperature can shorten the crystallization time, a higher
temperature will cause the template to separate from the sub-
strate driven by the large amount of solvent vapor, making the
crystallization direction and position no longer controlled by
the template. Moreover, fast crystallization process caused by
the high temperature will lead to disorder and random nuclea-
tion position (Figure S7, Supporting Information). Hence we
choose 60 °C to prepare the micro-ring resonators.

In practical applications, in addition to the ring-shaped
resonator, other shapes of resonators are also very important.
Therefore, the preparation of other shapes of micro-rings is also
urgently required. However, by using PS spheres as templates,
ring structures of other shapes cannot be obtained except for
the circular micro-ring structure. Here, by simply changing the
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Figure 3. a—e) SEM images of MAPbBr; micro-rings with different shapes of triangle, square, pentagon, hexagon, and pentagram, respectively. f-j) AFM
images of MAPbBr; micro-rings with different shapes of triangle, square, pentagon, hexagon, and pentagram, respectively.

shapes of the micro-columnar structures of the PDMS tem-
plates, we can get the micro-ring perovskite crystals with dif-
ferent shapes. As shown in Figure 3, the perovskite micro-rings
with the shapes of triangle, square, pentagon, hexagon, and
pentagram were obtained by using PDMS templates with micro-
columnar structures of triangle, square, pentagon, hexagon, and
pentagram respectively. Our method provides an opportunity
for the application of perovskite materials in integrated optics.
In order to prove the excellent optical properties of the
perovskite micro-ring obtained, the micro-cavity effect was
studied, as shown in Figure 4. Figure 4a shows a diagram of
a perovskite micro-ring pumped by a femtosecond laser. The
excitation laser with a wavelength of 400 nm and a frequency
of 1 kHz is focused by an objective lens (40 x 0.65) to pump
the micro-ring on the glass substrate. Figure 4b shows the
fluorescence spectrum of the micro-ring under different inten-
sities of the pumping laser. At low pumping intensity, the
micro-ring exhibits a wide spontaneous emission. When the
pump intensity exceeded a threshold, a series of sharp peaks
were observed, which proved the cavity effect of the micro-
ring. Because of the confinement of the light by the micro-
ring resonator, only the light of specific wavelength could be
amplified and output, so the spectrum was comb-shaped with
multiple narrow peaks. The relationship between peak intensity
of the fluorescence and the pumping intensity was depicted in
Figure 4c. An obvious threshold of 70.8 uJ cm= was observed,
which proved the laser emission behavior of the micro-ring.
In addition to the fluorescence intensity, the evaluation of the
full width at half-maximum (FWHM) is also an important data
to show the threshold of the laser emission of the micro-ring
arrays. As shown in Figure 4c, when the intensity of the pump
light reached the threshold, the FWHM of the emission spec-
trum decreased sharply to 1 nm or even smaller. The FWHM is
lower than the typical value of amplified spontaneous emission
in organic materials, which is about 10 nm. Quality factor, an
important parameter to judge the quality of a micro-resonator,
according to the formula Q = /A1 (4 is the peak wavelength
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and AAZ is the value of FWHM), was calculated to be around
885. Compared with other perovskite-based micro-cavity, the Q
value of this micro-ring is not particularly high, but it is enough
to prove that the micro-ring structure can realize the function
of a resonator. In future, we will focus on improving the quality
of micro-ring, so as to realize its application in the field of inte-
grated optoelectronics. In addition, by changing the size of the
micro-cylindrical structure of the PDMS template, micro-rings
of different sizes were obtained (Figure S8, Supporting Informa-
tion), so that mode spaces (A, of the micro-ring laser could
be regulated. According to the formula A4, = A2/ L[n—A(dn/dA)],
in which n is the refractive index and L is the circumference of
the micro-ring, A4, is inversely proportional to the diameter of
the micro-ring. As shown in Figure 4d, micro-ring laser reso-
nators with A4, of 1.7, 2.3, and 4.4 nm and even single mode
were realized in micro-rings of different diameters. The rela-
tionship of A4, and the diameter of the micro-ring was shown
in Figure S9, Supporting Information. The linear relationship
also proved the micro-cavity effect of the micro-ring. The above
results confirm that the perovskite micro-rings obtained by this
method can be used as excellent resonators.

In summary, a simple method for fabrication of shape-
designable and size-tunable perovskite micro-rings has been
demonstrated. By this method, large area perovskite micro-ring
arrays with uniform morphology were fabricated. By simply
changing the shape and size of PDMS template microstruc-
tures, the shape and size of micro-rings can be accurately
adjusted. Furthermore, the optical resonator functions of these
micro-rings have been verified by micro-ring laser emission.
Our method provides an opportunity for the application of
perovskite materials in integrated optics.

Supporting Information

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

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
TECHNOLOGIES

www.advancedsciencenews.com

www.advmattechnol.de

32007
a) b) | —— 117 pJlcm?
——96.7 pd/icm?
—_ 4 —71.3 pJicm?
3 ——45.8 pJiem?
-,
=y
(2]
g
—— £
., S,
50 50 50 50 550
Wavelength (nm)
60
C) d) D=50um
| I—.——-T - 0.9
E 40- o
‘E’ —&— FWHM 0.6 2 3 O
T —@— experiment a % 4 = £ ‘
< — fitted 5 =
o 207 L0.3 % g @
e E
P,=70.8uJ/cm? ' Bk
0 -1 H 0 o M
1 i L} L) ] L T L Ll ) Ll 1 v 1 v T T T
30 60 20 120 150 180 525 530 535 540
Power Density (pJ/cm?) Wavelength (nm)

Figure 4. a) A diagram of the MAPbBr; micro-ring pumped by a 400 nm femtosecond laser. b) Fluorescence spectra of the MAPbBr; micro-ring under
pumped at different light intensity. c) The relationship between peak intensity of the fluorescence of the MAPbBr; micro-ring and the pumping intensity.
d) Laser emission spectra of different modes in micro-rings of different diameters.
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