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ABSTRACT: Organic—inorganic halide perovskites have excel-
lent intrinsic properties, such as long carrier lifetime, high
photoluminescence quantum yield, and high gain, in whispering
gallery mode (WGM) cavities by facile vapor self-assembly or
solution process, which make them competitive for high-perform-
ance microlasers. However, the performance of perovskite-based
microlasers is severely limited by the fabrication of microcavities,
which results in poor reproducibility and uncontrolled morphol-
ogy. Herein, we explore a reproducible method which combined
thermal co-evaporation with femtosecond (fs) laser direct writing
for formamidinium lead iodide (FAPbIL,) perovskite polygon-
shaped WGM microcavities. The microlasers pumped with the fs
laser had a low threshold of 4.0—12.3 uJ/cm? and narrow full width at half-maximum of 0.62—1.05 nm. Moreover, size- and shape-
dependent WGM lasing performances are also investigated systematically. The results prove that FAPbI; polygonal microcavities can
serve as promising WGM lasers and have great potential for practical optoelectronic applications.
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B INTRODUCTION phase deposition method has been utilized by Li et al.”* to
prepare Pbl, triangular nanoplates, which exhibit a high Q
factor ~2600 at room temperature. Zhang et al.”> employed
the vapor phase epitaxy method to prepare CsPbX; (X = Cl,
Br, and I) single crystal for fabricating high-quality WGM
microcavities, reaching a low threshold of about 2 uJ/cm
Nevertheless, both the shape and the size of the as-fabricated
perovskite microcavities are uncontrollable, which makes it
difficult to reveal the underlying connection between the shape
and the lasing performance of the polygonal perovskite
microcavities.

In this work, we demonstrated a simple, flexible scalable
solution that can precisely fabricate and control the
morphology of the perovskite polygonal microcavities, by
using a femtosecond (fs) laser to directly write the micro-
cavities on the pre-deposited FAPDI; perovskite films. The
thermal co-evaporation method is used for deposing the
FAPDbI; perovskite films. Patterned microresonators with
different geometry, including triangle, square, pentagonal,
and hexagonal microcavities were successfully fabricated by

Xing et al. first found amplified spontaneous emission in
perovskite thin films in 2014;" since then, the laser behaviors of
perovskite have been studied all over the world.”* Lasing had
been observed from perovskite cavities with different resonator
modes, including whispering gallery mode (WGM) cavity,
Fabry—Pérot cavity,”> photonic crystal,”” random cavity,”’
plasmon cavity,'”"" distributed feedback resonator,'>"* and so
on.'* Among all these cavities, WGM cavities were found to
exhibit the strongest confinement effect due to their total
internal reflection around the cavities, which results in the
excellent optical feedback.'® Although microsphere, microdisk,
and microring WGM microcavities have extremely high Q
factors, the isotropic emission along the cavity rim makes it
difficult for circular microlasers to efficiently collect the output
light.m’17 It is a straightforward strategy to break the rotational
circular symmetry for realizing the directional output emission,
through changing the geometrical shape. Regular polygonal
microresonator-based microlasers, such as triangular,18
square,19 pentagonal,20 and hexagonal microcavities,”"** have
been demonstrated to have superior mode properties to those
of their circular counterparts.””

However, the further development of perovskite polygonal
microlasers is severely hindered by the lack of approaches to
the scale fabrication of the WGM lasing with low threshold and
small volume. So far, many efforts have been made to fabricate
large-scale polygonal microresonators. For example, the vapor
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accurately controlling the writing path of the fs laser. The as-
fabricated polygonal microcavities match WGM well. More-
over, the size- and shape-dependent WGM lasing performances
are also investigated systematically. The hexagonal FAPbI,
microcavity was demonstrated to exhibit the lowest pump
threshold (~4.0 uJ/cm?) and the narrowest full width at half-
maximum (fwhm) (~0.62 nm) among all polygonal micro-
cavities. The realized high-quality perovskite polygonal micro-
cavities, with a low pump threshold and narrow fwhm, have a
broad application prospect in the field of optoelectronic
integration.

B RESULTS AND DISCUSSION

Since Liu et al. demonstrated that the thermal co-evaporation
method can be used to get highly uniform MAPbI; films and
achieve a photovoltaic efficiencies (PCEs) of ~15.4% of
perovskite solar cells,”® it has gained a lot of attention for use
in other perovskite devices.””~*” An advantage of the thermal
co-evaporation method is that it is not so sensitive to the
substrate defects (such as dust particles or pinholes) and the
problems of uneven solvent evaporation. In this work, we first
prepare FAPDI; films on quartz substrates by the thermal co-
evaporation strategy (Figure 1a). Figure 1b shows the crystal

F=, =
W é
CH(NH,),I PbI,

Figure 1. FAPbI, perovskite films. (a) Schematic diagram of thermal
co-evaporation. (b) Crystal structure and photograph of FAPbI,
perovskite films.

structure of FAPbI; and photograph of FAPbI; thin films
prepared. The as-prepared FAPbI; thin film is very dense and
smooth. As seen in Figure S1 (Supporting Information), we
tested atomic force microscopy of the spin-coated and
evaporated perovskite films for comparison. This result
shows that evaporated films have lower surface roughness
(Rq ~ 10.5 nm) and smaller grain size than spin-coated films.
Besides, through X-ray diffraction (XRD) patterns (Figure S2,
Supporting Information), it can be observed that there are two
strong diffraction peaks at approximately 14 and 28°,
corresponding to the (110) and (220) planes of the black a-
phase perovskite,”” which indicate the absence of impurities in
the as-prepared FAPbI; thin films. Photoluminescence (PL)
and absorption spectrum of the FAPbI; film are shown in
Figure S3 (Supporting Information). The FAPbI, film shows a
strong PL peak at ~790 nm under 532 nm continuous laser
excitation and has a strong absorbance of about 790 nm from
the ultraviolet to near-infrared region, which is the same as the
previous research studies, indicating that FAPbI; has potent
light harvesting capabilities.”"

The FAPbI; polygonal microcavities with different config-
urations are then fabricated by employing the fs laser direct

writing on FAPbI; films along specific paths to depict the
triangular, square, pentagonal, and hexagonal microcavities, as
shown in Figure 2. The side length of the polygons ranges from
10 to 17 pm (Figure 2a), according to the magnified cross-
sectional profile image (Figure 2b) of 10 ym microcavities. We
observed no visible damage in the microcavity boundaries and
highly smooth surface with low surface roughness. The
corresponding height profiles of individual FAPbI; microcavity
with heights of ~124 nm are shown in Figure SS (Supporting
Information). With high crystallinity of FAPbI; films, highly
smooth surface, and ideal perfect polygonal shape, the FAPbI,
microcavities are very suitable for high-quality WGM
resonators with outstanding optical performance. A highly
repetitive process of the fs laser to write directly is a good way
to study the internal mechanism of perovskite microcavity laser
and provide the possibility for the diversity of perovskite
microlasers.

The perimeters of all FAPbI; polygonal microcavities are
very close, with an edge length (L) of ~26, 19, 15, and 13 ym
for the triangular, square, pentagonal, and hexagonal micro-
cavities, respectively. The 532 nm fs laser was utilized to
investigate the lasing performances of the as-fabricated
microcavities, as seen in Figure S6 (Supporting Information).
Using the method which set the sharp blade on a microstage
and moved it precisely, we recorded the power of the blade of
different positions and calibrated that the spot size of the pump
laser beam is ~46 um, as seen in Figure S7 (Supporting
Information). During the experiment, we slightly adjusted the
height of 50X microscope objective to ensure pump laser
complete coverage to polygonal microcavity, the image of laser
spot recorded with charge-coupled device (CCD), as shown in
Figure S7 inset (Supporting Information). As shown in Figure
3a,d,h)k, for all FAPbI; polygonal microcavities, as the pump
density increases, a series of periodic peaks will appear,
indicating the occurrence of multimode lasing action. In
principle, both WGM and F—P mode could happen for
polygonal microcavities. We have performed the optical PL
images above the lasing threshold of a typical polygonal
microcavity (thickness ~124 nm; edge lengths ~26, 19, 15,
and 13 pum), as shown in Figure 3a,dhk inset. When pump
density is higher than the threshold, lasing can be coupled to
polygonal microcavity edges, indicating a dominated WGM
confinement. In WGM microcavity, efficient optical gain is
achieved by total internal reflection around the polygonal
microcavities. We plotted fwhm and laser peak intensity
(marked with *) versus pump density, respectively, as shown
in Figure 3b,eil. The thresholds of lasing for all FAPDI,
polygonal microcavities are estimated to be ~12.3 uJ/cm®
(triangular), 7.1 uJ/cm® (square), 4.8 pJ/cm” (pentagonal),
and 4.0 yJ/cm’ (hexagonal), respectively.

The magnified spectra of the lasing mode for all polygonal
microcavities are exhibited in Figure 3¢,(f,gm, which can be
well-fitted by using the Lorentz function. The linewidths of the
lasing peaks are as narrow as ~1.0S (triangular), 0.96 (square),
0.78 (pentagonal), and 0.62 nm (hexagonal), respectively,
which are comparable to those reported.'®*** The out-
standing lasing performance benefits a lot from enough smooth
surfaces and edges of FAPbI; polygonal microcavities, which
provide high reflectivity “mirrors” to minimize the dissipation
from surfaces. Moreover, we find that both the lasing threshold
and the peak linewidth are decreased with the increase of the
edge numbers of the cavities. Among all polygonal micro-
cavities, the hexagonal microcavity exhibits the lowest lasing
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Figure 2. Patterned FAPbI; microcavities, including triangular, square, pentagonal, and hexagonal. (a) Three-dimensional images of microcavity
arrays with edge length from 10 to17 um. (b) Magnified side profile of perovskite polygon microcavities with an edge length of 10 ym.

threshold (~4 uJ/cm?) and the narrowest peak linewidth with
a value of ~0.62 nm.

In order to stabilize the oscillation in a cavity and strengthen
the light, the coherent phase changing round the cavity should
satisfy the resonance conditions that is an integer multiple of
2, that is,**

nL’ = mA (1)

where n represents the phase refractive index of the crystal, L’
represents round-trip distance, and m denotes the order of the
mode. According to the resonance conditions, only the light of
a specific frequency can be finally enhanced in the microcavity.
Mode spacing A/ between the adjacent laser mode is provided
to analyze laser features, which is given by the following
equation

A«Z
ngl! )

AN =

where 1, is the group refractive index and can be expressed as
follows

()

The WGM is located around the cavity, which is closely

related to the perimeter. For example, L' = 3+/3 L is used as an
approximate value of hexagonal microcavity.

To further explore the wave localization, we vary the edge
length (L) of the hexagonal FAPbI; microcavity from ~9 to
~18 pym and investigate the corresponding laser performance.
Figure 4a exhibits the lasing modes from hexagonal cavities
with different edge lengths. We find that the mode spacing
(AA4) is linearly decreased with increasing the edge length (L),
as exhibited in Figure 4b. The laser spectra with different pump
intensities for the other polygonal FAPbI; microcavities with
different edge lengths are also investigated, which present the
linear relationship between AA and 1/L (Figures S8—Sl11,
Supporting Information). These results demonstrate that all
FAPDI; polygonal microcavities are well matched to the WGM.
Besides, from these linear relationships (Figures S8j, S91, S101

and 4b), the group refractive indices (ng) (~3.35, ~2.62,
~2.77, and ~3.56) obtained at 810 nm.

The evolution of the laser threshold in FAPbI; polygonal
microcavities is also studied. Interestingly, we find that the
laser threshold decreases and then increases with increasing the
perimeter for all polygonal microcavities, as seen in Figure 4c.
For WGM resonator with small size (<76 um), during
increasing the size of cavity, the overlap between the optical
mode path confined in cavity and the gain medium decreases,
which results in the optical mode “spills” out of the microcavity
along the boundary. This is due to the fact that the
confinement ability (I') is proportional to the lateral size,
and the increase of the lasing threshold can be related to the
decreasing microcavity size.”> This result proves that we can
realize single-mode lasing in small-size microcavities with the
expense of the lasing threshold, and there will be no lasing
when the perimeter increases to a certain value, owing to which
cavity losses are bigger than the optical gain. However, large-
size microcavities (L > 76 um) need more consideration. The
charge carrier trapping at surface states will influence more for
coherent light emission performance. The surface volume has
an inverse relationship with the crystallite size, and the surface
charge carrier trapping effect has an inverse relationship with
the cavity size.”® The FAPbI, films in this work are prepared by
the thermal co-evaporation approach. The grain size of FAPDI,
by thermal evaporation is much smaller than the edge length
(L) (Figure S4, Supporting Information). Therefore, the
trapping states are mainly located on the surface and uniformly
distributed in the film, that is why we get the different
behaviors in terms of the edge length-dependent threshold. In
a previous work, we have studied the relationship between the
diameter of the perovskite microdisk and the laser threshold
and got a consistent result.”” This means that the conclusion is
reliable.

Besides, we also find that the fwhm of the lasing peak and
the pump threshold are decreasing with increasing the
polygonal microcavity order. For the m-faceted polygonal
WGM microcavity, the Q factor can be expressed as’®
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Figure 3. Lasing characterization of FAPbI; polygonal microcavities (triangular, square, pentagonal, and hexagonal). (a,d,hk) Emission spectra of a
typical FAPbI, polygonal microcavity at different optical pump density ranging from 8.8 to 17.6, 4.3 to 11.4, 2.8 to 10.6, and 3.4 to 6.8 uJ/cm?,
respectively, displaying the transition process from spontaneous emission to lasing emission. Inset: fluorescence image of an individual polygon
microcavity below Py, and above Py,. The thickness of the polygonal microcavities is the same (about 124 nm), and the edge lengths are 26, 19, 15,
and 13 um, respectively. (b,e,il) Intensity as a function of pump density, indicating thresholds of ~12.3, 7.1, 4.8, and 4.0 uJ/cm® (cfgm)
Magnified emission spectrum above the threshold. The fwhm (61) are ~1.0S, 0.96, 0.78, and 0.62 nm.

aDmnR™* 27

= ———————sin —

2(1 =R m )
where D is the diameter of the polygon circumcircle and m and
R are the number and the reflectivity of polygonal cavity facets,
respectively. Taking into account the cavity loss at the corner,
the light will not converge at the corner of the WGM
microcavity, so the total internal reflectance is reasonable.*”*’
This can well explain why the peak linewidth decreases with
the microcavity polygonal order. The behavior that lasing
threshold decreases with the microcavity polygonal order for
approximately same perimeters is consistent with above-
mentioned results that Py, is inversely proportional to the f
X Q product, where the larger Q factor and f (spontaneous
emission coupling factor) could indicate a lower threshold.*"**
The hexagonal microcavity has better light confinement ability

16955

compared with other polygonal microcavities because it can
eliminate the scattering of edges and corners more.

In order to realize the practical application of perovskite-
based optoelectronic devices for lasers in the future, the
longevity lifetime is the important problem which needs to be
solved. A square FAPDbI; microcavity with L = 19 ym was
excited by 532 nm fs pulsed laser (pulse width: 267 fs;
repetition rate: 5 kHz) continuous illumination above Py at
room temperature (about 23.8 °C, 41% relative humidity).
The lasing emission intensity (marked with *) remained stable
for 60 min under continuous illumination (Figure Sa).
Compared with CH;NH,Pbl; (MAPbL,) square microcavity
with L = 19 pym, the FAPbI; exhibited better photostability.
The lasing emission intensity (marked with *) from MAPbI,
square microcavity starts to decrease in ~10 min continuous
illumination (Figure Sb), and the time-dependent lasing
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Figure S. (a) Emission intensity of a single-square FAPbI, and (b) MAPbI; cavity under a $32 nm fs laser continuous illumination above Py, in an
ambient atmosphere. Inset: the time-dependent lasing emission spectra in square microcavity with an edge length of 19 um.

spectra of MAPbI, square cavity changed a lot (Figure Sb
inset). These results indicate that FAPbI; polygon microcavity
can achieve stable multimode lasing at room temperature.

As depicted in Figure S12, we tested angular dependence on
the PL spectrum of FAPbI; polygon microcavity and the laser
mode (marked with *) intensity as a function of polarizer
angles (Figure S12 inset). Interestingly, we found the linear
polarization in different polygonal microcavities like other
research studies.”>™*® Moreover, we tested the polarization of
polygonal microcavities at a thickness of 70 nm and proved
that the polarization direction is sensitive to thickness, as seen
in Figure S13.

In conclusion, triangular, square, pentagonal, and hexagonal
FAPDI; polygonal microcavities are fabricated by using the fs
laser-assisted writing method. The side faces of these polygonal
microcavities constitute excellent built-in WGM microresona-
tors for lasing. By using this straightforward, flexible, and
repeatable scalable fabrication method, we find that with
increasing the perimeter of FAPbI; polygonal microcavities at a
limited range (about 48—108 ym), the lasing threshold will
decrease. Furthermore, with microcavity polygonal order
increasing, the lasing threshold and the fwhm are all
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decreasing. At last, the hexagonal FAPbI; microcavity exhibits
the lowest pump threshold (~4.0 uJ/cm?) and the narrowest
fwhm (~ 0.62 nm) among all polygonal microcavities, showing
potential applications in narrow linewidth coherent light
sources. These studies are important for understanding,
improving, and engineering the microcavity devices to be
applied in novel engineering.
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