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Hybrid perovskites have recently attracted attention in both mate-
rials science and opto-electronics research, because of their excel-
lent opto-electronic properties and facile fabrication. Perovskite-
based photovoltaic devices, photodetectors, and light-emitting
diodes have exhibited unprecedented success. Moreover, optically
pumped perovskite lasers have been reported with various crystal
shapes. However, most of these lasers are fabricated from solution-
grown micro/nano crystals, and thus lack reproducibility. Here, we
present controllable fabrication of formamidinium lead iodide
(FAPbI3) perovskite microdisks by thermal co-evaporation, coupled
with femtosecond laser direct writing. After careful investigation of
dimensional effects, including the impact of diameter and thick-
ness, we achieved an ultra-low threshold of ~3 pJ cm~2. Further-
more, we investigated the relationship of lasing performance with
carrier dynamics by transient absorption. We found that a longer
carrier lifetime can reduce the pump threshold. These microdisk
lasers based on femtosecond laser fabrication of evaporated per-
ovskite thin films show exceptional reproducibility, rendering them
extremely suitable for mass production; hence, they offer a promis-
ing method for low-cost, on-chip coherent light sources.

1. Introduction

Hybrid perovskite microlasers have emerged as promising
candidates for high-performance lasing with a low threshold
at room temperature;' ™ they exhibit extraordinary optoelectro-
nic properties, such as a high absorption coefficient,’ modest
charge-carrier lifetime and mobility,” a tunable exciton binding
energy,® and long diffusion lengths.® In addition, hybrid per-
ovskites can be prepared via low-cost fabrication techniques.®
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Realisation of hybrid perovskite-based microlasers benefits
from their unique shape after fabrication. Based on different
limiting mechanisms, microcavities can be roughly divided
into Fabry-Perot microcavities, photonic crystal microcavities,
whispering-gallery-mode (WGM) microcavities, and deformed
microcavities."'™* In particular, WGM resonators are excellent
candidates for development of a semiconductor laser because
of their high quality (Q) factor and small volume (V);"*™*® the
large Q/V ratio allows for strong coupling between the gain
medium and the cavity field, enabling realisation of a low
threshold and narrow linewidth laser. Because hybrid perovs-
kites possess a larger refractive index than air and most
substrates (glass or quartz), light can easily be trapped within
the circular cavity through multiple total reflections. Simulta-
neously, the light continues to propagate within the cavity,
resulting in stable phase coherent enhancement of travelling
wave modes and sufficient optical gain.*®

Fabrication methods for perovskite-based lasers can be
divided into two categories: bottom-up and top-down.>°
Bottom-up fabrication methods are dependent on the proper-
ties of the crystalline materials themselves; the manufacturing
process serves to control the growth parameters of the crystal
(e.g., time, temperature, humidity, pressure, and concentration)
to form a specific size and shape of microcavity structure. For
instance, Liu et al. fabricated MAPDI; perovskite microplate
arrays on a silicon substrate with a pre-patterned single-layer
hexagonal boron nitride (h-BN) film as the template layer.>'
Feng et al. demonstrated a “liquid knife” technique for fabrica-
tion of perovskite single-crystalline arrays by using a silicon
micropillar template.>> Wang et al. reported a wafer-scale
growth method for regular arrays of perovskite microplate
crystals.>® However, the microlasers obtained using these meth-
ods are strongly influenced by fabrication conditions; hence,
reproducibility is lacking. Compared with bottom-up methods,
top-down fabrication techniques have advantages such as large-
area fabrication and high controllability. For example, Alias
et al. used a focused ion beam technique to fabricate binary and
circular subwavelength gratings.>* Xing et al. reported a vapor
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phase synthesis strategy to achieve large-area light-emission.>
To improve reproducibility and control the lasing wavelength,
Zhang et al. patterned single crystalline perovskite microplates
for MAPbBr; microdisk lasers through a typical electron beam
lithography method and inductively coupled plasma etching.>
Horantner et al. demonstrated a colloidal monolayer lithogra-
phy method for control of perovskite crystal domain size and
microstructure to obtain a highly ordered metal oxide honey-
comb structure.”” However, lead halide perovskite materials are
extremely sensitive to electron beam, water, and polar organic
solvents, and are unable to withstand high temperatures
(>180 °C); these properties may lead to damage in perovskite
samples and deterioration of opto-electronic properties. Hence,
lithography or electron beam lithography methods have limited
application to perovskites, compared with conventional inor-
ganic semiconductors.”®?® More recently, thermal nanoim-
printing has emerged as a facile and promising technique for
fabrication of photonic structures. Pourdavoud et al. fabricated
patterned perovskite thin films via thermal nanoimprinting
and achieved perovskite lasers with low threshold and narrow
linewidth.*>°**> However, thermal nanoimprinting requires pre-
cise design and fabrication of stamps; the process also requires
moderate pressure and heating. To the best of our knowledge,
there is no facile and effective approach for fabrication of
reproducible perovskite microcavities; the development of a
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reliable mass-production method for lead halide perovskite
lasers is essential.

In this work, we produced high-performance microdisk
formamidinium lead iodide (FAPDbI;) perovskite lasers by fem-
tosecond (fs) laser direct writing. High-quality, large-area per-
ovskite films were prepared by thermal co-evaporation. Fs laser
direct writing, as a high-precision method that causes less
damage to perovskite materials, achieved ultra-high reliability
and reproducibility in processing the evaporated lead halide
perovskite thin films with various patterns. Perovskite micro-
disks with various diameters and thicknesses were also fabri-
cated, and the influence of microdisk dimensions on lasing
performance (e.g., threshold) was evaluated.

2. Method
2.1 Preparation of FAPbI; films

Compared with MAPbI;, FAPbI;-based perovskites have emerged
as a more promising composition because of their improved
thermal stability and enhanced optoelectronic properties, includ-
ing a broader absorption spectrum up to ~850 nm in the near-
infrared region, a longer carrier lifetime, and fewer trap states.>**
Conventionally, FAPbI; perovskites are obtained via spin-coating

of precursors, either by single-step deposition of formamidinium
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Fig. 1 Preparation of perovskite films. (a) Schematic illustration of thermal co-evaporation (left) and photographs of FAPbls thin films prepared with
various thickness (right), (b) scanning electron microscopy image of perovskite thin films deposited by co-evaporation, and (c) X-ray diffraction patterns

of perovskite films.
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Fig. 2 Schematic of optical setup for perovskite microdisk fabrication.

iodide (FAI) and lead iodide (Pbl,) mixed solution or sequential
deposition of FAI and Pbl, precursors. However, the precursor
approach leads to formation of films with poor morphology
and an unstable crystal structure that can readily crystallise into
two distinct polymorphs: the undesirable photoinactive ‘“‘yellow”
d-phase (8-FAPbI;) and the desired photoactive “black” a-phase
(o-FAPDI;).>>3¢

In this work, we used thermal co-evaporation to deposit pure
a-FAPbI; films. Fig. 1a illustrates the co-evaporation process
(left) and the resulting FAPDbI; thin films with different thick-
nesses (right) schematically (for fabrication details, see ESLt
S1). As shown in Fig. 1b, perovskite thin films prepared by this
method exhibit a uniform and compact microstructure with
small grain sizes. For comparison, we also conducted high-
resolution atomic force microscopy measurements of the eva-
porated and spin-coated perovskite films, as shown in Fig. S1
(ESIT). The evaporated films are more uniform with a smaller
grain size; they have a root mean square surface roughness (R)
of 4.56 nm. Fig. 1c shows X-ray diffraction patterns of evapo-
rated perovskite films with thicknesses of 70 nm, 440 nm, and
570 nm. All samples exhibited strong diffraction peaks of the
(110) and (220) planes of the perovskite crystal structure at
approximately 14° and 28°, respectively. There was also a small
peak at approximately 12° belonging to the Pbl, crystals, which
indicated a slight excess of Pbl, in the thin film samples.

This journal is © The Royal Society of Chemistry 2020
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Compared with spin-coated perovskite films, these samples
exhibited fewer pin-holes and a more uniform surface.'® The
diminished surface roughness can effectively reduce light scat-
tering and provide a better platform for nano/micro patterning,
as discussed in the following section.

2.2 Laser writing of FAPbI; microdisks

To fabricate FAPbI; microdisk perovskite lasers, we used a fs
laser to write directly on perovskite films deposited on quartz
substrates. The fabrication process with high pulse energy is
complicated, because the laser-induced thermal effect can
easily damage the boundary; notably, it can even ruin the
perovskite crystals. Hence, the fabrication process is optimised
by using a laser power below the single-pulse ablation thresh-
old (optimisation details are provided in ESI,} S2). Perovskite
microdisk lasers are fabricated using direct ablation with
second-harmonic (515 nm) 190 fs laser pulses from a regen-
erative amplified Yb:KGW-based laser system (Pharos, Light
Conversion). The laser is focused with a microscope objective
(50%, NA = 0.42), yielding an in focal-plane diameter of the laser
facula of approximately 1-2 pm. Perovskite films were mounted
onto a PC-driven nano positioning system (ANT-PLUS series)
providing a movement accuracy of <0.25 pm along all three
axes. A schematic of the optical setup is shown in Fig. 2.
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Fig. 3 (a) Scanning electron microscopy image of FAPbls microdisks with diameters ranging from 16 to 40 um and thickness of 440 nm, (b) three-dimensional
laser scanning confocal microscope images, and (c) cross-sectional profile of single 440 nm-thick perovskite microdisk with diameter of 20 um.

To avoid the influence of adjacent microdisks, we removed
the surrounding perovskite to produce a 60 x 60 pm? lattice.
Fig. 3a shows a scanning electron microscopy image of the
microdisks, with diameters ranging from 16 to 40 pm (thick-
ness of 440 nm). As shown in Fig. 3a, we observed minimal
visible damage around the microdisks; moreover, all micro-
disks could form an isolated structure. We also performed
high-resolution three-dimensional laser scanning using a con-
focal microscope (VK-1100, KEYENCE), and measured the
cross-sectional images of the edges, as shown in Fig. 3b.
Fig. 3c shows the cross-sectional profile of a single 440 nm-
thick perovskite microdisk with a diameter of 20 pm; relatively
smooth and steep edges are present, which demonstrates the
high precision of the fs laser direct writing.

3. Results and discussion

3.1 Lasing performance characterisation of samples with
different diameters

Individual microdisks were tested using a photoluminescence
(PL) system to identify cavity performance for lasing (experi-
mental details and schemes, see ESI, S3). To ensure uniform
energy injection, the spot size of the laser beam was focused to
be ~54 um; this was calibrated with a sharp blade mounted on
a microstage moving with a precisely controlled stepper motor.
The beam profile (shown in Fig. S4, ESIt) was recorded with a
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calibrated power meter and fitted with a Gaussian equation.
The spot size was sufficiently large to cover the entire cavity,
thus ensuring high pumping injection efficiency and reducing
the local heating effect. During the experiment, the focal length
(50x microscope objective) was slightly adjusted to ensure full
coverage of the perovskite microdisk within the laser beam, as
shown in the inset of Fig. S4 (ESIf), recorded with a CCD
camera. Fig. 4a shows the power-dependent emission spectra of
typical FAPbI; microdisks (thickness ~70 nm; diameter length
~16 pm). When the pump intensity is low, only a broad peak is
present at 798 nm. With increasing excitation power, the PL
intensity increases slowly. When the pump intensity reaches
Py, = 3.4 nJ cm™ 2, a series of periodic peaks emerge and the full
width at half maximum value rapidly decreases to approxi-
mately 1.88 nm. We plotted one emission peak intensity
(marked with *) versus pump fluence; clear thresholds (Py,)
can be extracted (inset of Fig. 4a).

Mode spacing (A4) is an important parameter for a typical
WGM microcavity. To form a stable oscillation in the cavity, the
phase change of the reciprocating light in the perovskite cavity
must be an integral multiple of 2x, as follows:*’

nL = 2mRn = m4, (1)

where 7 is the effective refractive index of the micro resonator, L
is the round-trip distance in the perovskite cavity, R is the
radius of the microdisk, 4 is the resonance wavelength, and m is
the mode order (integer). Mode spacing (A4) between adjacent

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Lasing performance of 70 nm-thick perovskite microdisks. (a) PL spectra of 70 nm FAPbIs microdisk with diameter of 16 um at different intensities.
Inset: PL intensity as a function of pump intensity. (b) Emission spectra of perovskite microdisks with different diameters from 16 pm to 40 um. (c) Mode
spacing as a function of 1/D. (d) Threshold of pump density as a function of D. Inset: Threshold of pump energy as a function of D.

laser modes can be expressed as follows:*®

12
2nRn

Al = )
From the above equations, the free spectrum range of micro-
disk lasers can be derived; it is highly dependent on the
microdisk radius. To further explore the WGM phenomenon,
we used the method in Section 2 to generate various diameters
from 20 pm to 40 um, then test their lasing performance.
Microdisks with different diameters have clear lasing peaks
with increasing power density, as shown in Fig. S6 (ESI}).
Fig. 4b shows the emission spectra of perovskite microdisks
with different diameters from 16 pm to 40 um at the pump
intensity above the threshold; notably, each microdisk has a
unique lasing mode. In addition, as the diameter increases, the
mode spacing (A/) becomes smaller and the peak becomes
sharper. To further understand the WGM modes in our experi-
ments, we investigated the influence of the microdisk dimen-
sions on lasing performance (i.e., mode spacing and pump
threshold).

Fig. 4c shows a linear dependence of mode spacing (AZ)
versus cavity size. Microdisks with larger diameter have smaller
mode spacing and more modes. Fig. 4d and the inset of Fig. S6
(ESIt) show the threshold of pump density versus diameter.

This journal is © The Royal Society of Chemistry 2020

More interestingly, the threshold of pump energy clearly
increases with increasing disk diameter (shown in the inset
of Fig. 4d), indicating that smaller microdisks require a smaller
pump threshold for these WGM lasers. Furthermore, the lowest
lasing threshold reaches 2.3 pj cm 2 The observed linear
dependence of the lasing threshold on microdisk size is con-
sistent with the cavity-quantum electrodynamics theory.***°
This dependence could also be highly influenced by charge
carrier trapping and surface states. In contrast, Liu et al
observed a reduction in the pump fluence threshold with
increasing diameter; this was attributed to the diminished
surface-to-volume ratio (i.e., fewer surface states for a single
crystal).”"*" However, our samples were thermal co-evaporated,
and the grain size was much smaller than the film thickness
and the diameter. Hence, the trapping states may have been
located on the surface and homogenously distributed in the
bulk, resulting in different behaviours in terms of the diameter
dependent threshold.

3.2 Lasing performance characterisation of samples with
different thicknesses

To investigate the thickness-dependent lasing properties of
FAPbI; microdisk lasers, we fabricated five microdisks with

J. Mater. Chem. C
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identical diameter (20 pm) and various thicknesses. Fig. 5a
shows the emission spectra of these samples. Notably, these
microdisks exhibited almost nearly identical features with five
main WGMs; they also exhibited a slight red shift, induced by
band-gap renormalisation. Fig. S7-S10 (ESIt) further show the
evolution of emission spectra at various pump intensities. All
samples exhibited a trend similar to that of the thin perovskite
microdisks, whereby the mode spacing decreased and the
mode number increased with increasing diameter. Fig. 5b
and Fig. S5 (ESIT) show that the mode spacing (A1) of all thick
samples increases linearly with an increase in 1/D, indicating
consistent linear dependence; this finding demonstrated that
all microdisks were well matched to the WGM. Moreover, we
investigated the thickness-dependent lasing threshold. As
shown in Fig. 5¢, the lasing threshold increased with increasing
the vertical thickness. Notably, the lowest lasing threshold of
~3 uJ cm~2? was observed in the 70 nm and 265 nm-thick
microdisks.

To further investigate the cavity energy confinement effect,
we introduced transient absorption (TA) to elucidate carrier
dynamics. The typical TA spectra of the 265 nm perovskite films
are shown in Fig. 6a. These TA spectra contained three main
spectral features: photon-induced absorption (PA1 and PA2)
and photon bleaching (PB), consistent with findings in the
literature. From the time-resolved TA spectra, we could easily
extract the carrier lifetimes of the perovskite films. Fig. 6b and
Fig. S11 (ESIT) show the lifetimes of perovskite samples with
various film thicknesses. Notably, the thickness of 265 nm
exhibited the longest carrier lifetime. Carriers with longer life-
time indicated that the accumulation time of carrier density
during the excitation process was extended. Concomitantly,
carriers were available for population inversion and lasing
action in the cavity, thus reducing the pumping threshold.

In recent years, perovskite WGM micro resonators have been
identified as excellent candidates for construction of low-
threshold and narrow-linewidth lasers. In this work, we pro-
duced high-performance FAPbI; perovskite microdisks lasers
(with a threshold of ~ 3 pJ em™?) via fs laser direct writing. This
threshold value is comparable to or better than the values for
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Fig. 6 (a) Time-resolved TA spectra (inset shows two-dimensional plot of typical transient absorption spectrum of perovskite films) and (b) comparison

of carrier lifetime of perovskite films with various thicknesses.
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Table 1 Comparison of organic—inorganic perovskite WGM lasing with different fabrication methods

Threshold
Materials and microstructures Fabrication methods Pumping conditions (1J em™?) Year Ref.
WGM lasing in perovskite
microstructures
MAPbDI; (MPLSs) Vapor phase deposition 150 fs, 1 kHz (400 nm) 37 2014 43
MAPDX; (MDs) One-step solution self-assembled 120 fs, 1 kHz (400 nm) 3.6 2015 42
MAPbI; (hexagonal MPs) Growth technology with a buffer layer 50 fs, 1 kHz (400 nm) 11 2016 21
MAPDBr; (MPLs) Lithography 100 fs, 1 kHz (400 nm) 2.3-3.4 2017 26
MAPDBr; (MDs) Solution-based one-step anti-solvent 3.5 2018 44
MAPDBr; (triangular NPLs) Vapor phase deposition 290 fs, 6 kHz (343 nm) 18.7 2019 45
FAPDbI; (MDs) Femtosecond laser direct writing 267 fs, 5 kHz (532 nm) 3 2020 Present work

various reported lasers based on organic-inorganic perovskite
WGM lasing with different fabrication methods, as shown in
Table 1. Our low threshold can be attributed to the following
three factors: (1) evaporated FAPbI; films exhibit extremely
minimal surface roughness and negligible light scattering; (2)
fs laser fabrication demonstrates high spatial resolution and
low surrounding damage, offering smooth edges and reprodu-
cible shapes; and (3) evaporated perovskite films are uniform
and much thinner, compared with reported single crystal
samples,*? thereby offering better light confinement.

4. Conclusions

In summary, we have demonstrated low-threshold perovskite
microdisk lasers by using a facile, top-down method (i.e., fs
laser direct writing). Perovskite microdisks were fabricated
based on high-quality thermal co-evaporated FAPDI; films,
which possess small grains, controllable thickness, and a
smooth surface with reduced roughness. By using this highly
reproducible and controllable fabrication method, we investi-
gated the influence of microdisk dimensions (diameter and
thickness) on laser performance. Importantly, we found that
the lasing performance (i.e., pump threshold, mode spacing,
and mode numbers) was highly dependent on microdisk dia-
meter, which is consistent with WGM theory and the findings
in previous reports. However, microdisk thickness does not
greatly affect the WGM,; it can cause a slight shift of emission
spectra and influence film quality (i.e., improved carrier life-
time), as indicated by transient absorption measurements.
After optimisation, a low threshold of ~3 uJ ecm™> can be
observed from these perovskite microdisks, which is non-
trivial and suggests considerable potential for applications in
next-generation nanophotonics.
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