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This dissertation focuses on metal halide perovskite lasers, which have garnered significant
attention for their exceptional optoelectronic properties. The research presented in this
dissertation adopts a chronological and in-depth approach to delve into various aspects of
perovskite lasers.

The dissertation commences with an introduction to perovskites, followed by a brief
review of perovskite lasers. Subsequently, it provides a comprehensive overview of perovskite
material properties and carrier dynamics, fundamental to the understanding of perovskite
applications. The synthesis of perovskite materials and the development of light-emitting devices
are also explored.

Moving forward, the dissertation delves into research on perovskite lasers, emphasizing the
design, fabrication, and optimization of 1st-order distributed feedback (DFB) lasers using

specific perovskite compositions. The results showcase low lasing thresholds, while also



discussing techniques to further reduce thresholds and enhance device stability. These methods
involve improved cavity design, material engineering, and thin film morphology engineering,
collectively contributing to threshold reduction and overall performance enhancement. The
research sheds light on the working dynamics of perovskite lasers and explores strategies to
elevate their capabilities.

The dissertation also explores perovskite patterning techniques that integrate perovskites
with nano-fabrication methods. Patterning techniques are crucial in sculpting MHPs into the
desired on-chip components, enabling their seamless integration and unlocking their full
potential in optoelectronics. These techniques enable the creation of complex perovskite
photonic devices, including color converters, micro-LEDs, patterned LEDSs, and potentially
electrically pumped lasers.

Finally, the conclusion offers a comprehensive exploration of perovskite light-emitting
applications, with a particular focus on lasers. The research presented in this dissertation
significantly contributes to the understanding and advancement of perovskite-based
optoelectronic devices, paving the way for their future applications in display and laser

technologies.
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Chapter 1. Introduction

1.1 Motivation for perovskite lasers

Metal halide perovskites (MPHSs) are emerging semiconductor materials in the field of
optoelectronics for the past decade. Owning to MPHs’ intriguing optoelectronic properties, a
dozen of devices based on perovskites have been brought up, such as solar cells, photodetectors,
light emitting diodes, color converters and lasers. The bright future of high-performance, low-
cost next-generation optoelectronic devices is being drawn by the quick advances and big leaps
in perovskite studies.

Compared with other semiconductors, perovskites have high optical absorption, high
carrier mobility, high defect tolerances, high photoluminescence quantum yield, narrow emission
linewidth, long diffusion length, ambipolar charge transport, flexible turnability and low
fabrication cost.1* With these eminent optoelectronic properties, perovskites have been
incorporated into various applications. Recently, the efficiency for perovskite solar cells and
LEDs has reached 25.8%° and >28%°%" respectively.

Over the past decades, researchers have pursued the realization of perovskite lasers,
envisioning them as the ultimate goal for perovskite materials. The unique blend of
characteristics derived from both inorganic and organic semiconductors in perovskites positions
them as promising candidates for the development of next-generation, cost-effective on-chip
lasers (shown in Table 1). The striking advantages of perovskites are their relatively high
mobility and gain coefficient, surpassing those of traditional organic materials and colloidal
quantum dots (QDs). This enhanced performance in terms of carrier mobility and gain makes
perovskite lasers highly attractive for various laser applications. Additionally, perovskites offer a

notable edge in terms of fabrication cost when compared to conventional inorganic materials.



Their significantly lower cost of production opens up avenues for large-scale manufacturing,
potentially revolutionizing laser technology with cost-effective solutions. Moreover, perovskites
exhibit a tunable bandgap, a feature that proves invaluable in addressing the "green gap"
challenge encountered in 11-VI/111-V semiconductor lasers. This tunability allows researchers to

tailor the emission wavelength to specific requirements, expanding the potential applications of

perovskite lasers.

Materials Emission spectrum Mobility Gain coefficient
(nm) (cm2v-is?) (cm™)
Inorganic 370-1500 100-1000 10-10000
Perovskites 400-1000 0.1-1000 10-1000
Organics 400-750 0.001-10 1-1000
Colloidal QDs 400-3600 0.001-0.01 10-100

Table 1 Comparison between perovskites and other gain mediums.

The very first study on perovskite lasing was reported in 1998 by Kondo, etc.® Then in

2004, their group demonstrated ASE from perovskite thin film, which paved the way for

perovskite lasing devices.® The major breakthrough of perovskite lasers was brought in 2014. In

that year, the low optical gain in MAPbX3,% the first WGM perovskite laser'!, and the first

room-temperature perovskite LED? with an EQE of 0.76% were reported. A promising future

for perovskite laser diode was unveiled. Quickly after that, a series of optically pumped

perovskite lasers have already been demonstrated, several types of perovskite lasers including

Fabry-Pérot (FP) resonators,'>!* photonic crystal lasers,'>® random lasers,!’ vertical-cavity

surface-emitting lasers®!® (VCSEL) and DFB lasers?® have been demonstrated. The pulsed




lasing threshold has been pushed to as low as 220 nJ/cm,2! and room-temperature CW lasing

with a threshold of 5.7 W/ cm has been achieved.?

Optical gain in er';";dte First RT CW E'e:l::”:g"
perovskite P laser pump
laser laser?
1998 2004 2014 2017 2019 2020 2077
ASE f'rom . CW laser at flmt RT CW
perovskite thin 160k single mode
film laser

Figure 1 The development roadmap of perovskite lasers.

Among all the different laser designs, the most challenging and critical aspect is the
resonant cavity for perovskite lasers due to the limited fabrication compatibility of perovskites.
As aresult, only a few options are available for creating resonant cavities in perovskite lasers.
The first common option is to use the intrinsic cavity from perovskite single crystals, such as
whispering gallery mode (WGM) cavities and nanowires (Figure 2 (a) & (d)). During the
crystallization process, high-quality facets are formed at the perovskite crystal boundaries,
serving as the reflection mirrors for the resonant cavity. However, these devices have limitations
in controlling the cavity position and size, which can impact their performance. The second
option involves using external cavities, such as distributed Bragg reflector (DBR), photonic
crystal, and distributed feedback (DFB) cavities pre-fabricated on substrates (Figure 2 (b), (¢)&
(e)). Other techniques, like direct laser etching (Figure 2 (f)) or nanoimprints, have also been
explored to directly pattern perovskites. However, to achieve improved perovskite quality,

additional refinements and optimization steps are necessary.
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While perovskites hold great promise as the next-generation material for optoelectronic
devices, there is still a long way to go before they are commercially available for use in
integrated circuits. The ultimate goal, electrically pumped perovskite lasers, has yet to be
achieved. Perovskite devices suffer from poor stability, as they are susceptible to moisture,
oxygen, UV light, and high heat. Additionally, ion migration leads to irreversible degradation
under high electrical fields, which are common working conditions for electrically pumped
lasers. Furthermore, perovskites dissolve in most polar solvents, including water and lithographic
developers, which makes them incompatible with widely-used photolithographic processes
necessary for nano-scale device fabrications. All of these factors present significant obstacles to

the development of practical perovskite applications.



1.2 Perovskite materials

The family of MPHs has a stoichiometry of ABXs, where A is a monovalent organic or
inorganic cation like Cs, methylammonium (MA) or formamidinium (FA); B is a divalent metal
cation like Pb, Sn or Ge; X is halide anion including CI, Br or I. The term “perovskite” originally
refers to the crystal structure of CaTiOs, and now is used for the chemical compound of a similar
cubic crystal structure that consists of a network of corner-sharing BXs octahedra (Figure 3). By
chemical engineering, the bandgap of perovskites can be easily tuned from 350 nm to 1000 nm
which covers the entire visible spectrum.?* Doping other chemicals such as small alkaline ions,

polymer and organic spacer can further improve the optical properties of perovskite materials.?®

Figure 3 Perovskite crystal structure. The figure is reprinted with permission from ref 3. Copyright 2014 Springer Nature.

The extraordinary optoelectronic properties of perovskites come from their crystal
structure. Hybrid organic-inorganic halide perovskite materials have a general chemical formula
as ABXs. The A species exhibits 12-fold cuboctahedral coordination with X anions, occupying
the interspace of an octahedral BXs framework. In the case of [Pblg]*", the valence band
maximum (VBM) is created by antibonding orbitals derived from the Pb(6s) and 1(5p) atomic

states, while the conduction band minimum (CBM) is formed by antibonding Pb(6p) and 1(5s)



orbitals.* These antibonding interactions have very small effective electron mass, comparable to
holes’ effective mass, resulting in high carrier mobility and ambipolar charge transport. The
cubic crystal structure with high symmetry in perovskites leads to a direct bandgap. Additionally,
the presence of lone pair electrons on the Pb s orbital leads to p-p electronic transitions from the
valence band to the conduction band, which contributes to the material's exceptionally high
optical absorption.

The Goldschmidt tolerance factor, t, has been widely utilized for predicting the stability of
the perovskite structure. It relies solely on the ionic radii (ri) of each ion (A, B, X). The value of t

in the range of 0.8-1 indicates an ideal cubic perovskite structure:

. Ty + 1y
\/E(rB + 73)

Easy tunability and low fabrication cost are the two major advantages of perovskites. As
mentioned above, perovskites have a general chemical formula of ABXs, where all these
components can be chemically tuned. Perovskite precursors can be prepared by solution
methods, during which different components and additives can be mixed and doped into
perovskites, then the perovskite crystal structure can be spontaneously formed under mild
temperature annealing.?® Co-evaporation and atomic layer deposition (ALD) are also available

for perovskite layer synthesis.?”?
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Figure 4 Perovskites with different dimensions.

Perovskite quantum dots (PQDs) are considered as 0D materials. They consist of a
perovskite crystal core and organic ligand shell. The perovskite quantum dots are usually
prepared by solution process with hot injection method or ligand assisted reprecipitation
(LARP).2%% The size of quantum dots can be easily controlled by temperature and ligand
concentration. Compared with inorganic quantum dots (like CdSe/ZnS and InP/ZnS), perovskite
guantum dots have much lower fabrication costs but higher PLQY. Many literatures have
reported perovskite quantum dots with PLQY around 100%,3'-3 making them promising
candidates in display applications. Besides, the ligand shell structure of PQDs can act as the
protective layer that prevents degradation from moisture and oxygen, thus PQDs are usually
more stable than 3D perovskites.

1D perovskite nanowires can be synthesized by similar methods as PQDs. The self-
assembled nanowires have perfect crystal facets and thus are intrinsically resonant cavities.
Ultra-low threshold optically pumped perovskite lasers based on nanowires have been
extensively studied.**2

By adding organic molecules (spacers) into 3D perovskites, lower dimension perovskites
(Ruddlesden-Popper type perovskites) can be obtained. Such kind of structure can be written

with a general formula as Lo(ABXz3)n-1BX4, where L represents the spacer layer and n represents



the number of monolayers between the spacers. By decreasing n from oo to 1, 3D, quasi-2D and
2D perovskites can be fabricated respectively, as shown in Figure 4.

Compared with 3D counterparts, quasi-2D and 2D perovskites have superior ambient
stability. The hydrophobic spacer and the van der waals interaction between adjacent layers help
prevent degradation from moisture and oxygen.3* In the meantime, the layered structure of
spacer/perovskite/spacer naturally formed a multi-quantum well structure. The QW structure has
a dimension approaching the Bohr radius of electrons, thus it leads to strongly bound excitons.
With higher bounding energy, excitons have a lower possibility of dissociation. This finally
benefits the material’s luminous efficiency.® Besides, 2D/quasi-2D perovskites also have better

film morphology and lower surface roughness compared with 3D perovskites.

1.3 Perovskite carrier dynamics

One of the key aspects that make perovskites promising for optoelectronics is their
efficient carrier dynamics. Carrier dynamics refers to the behavior of charge carriers in the
material under the influence of external stimuli such as light or electric fields. Understanding and
controlling carrier dynamics is crucial for optimizing the performance of perovskite devices.

Low-dimensional perovskites, such as quantum dots, 2D, and quasi-2D perovskites,
exhibit unique chemical properties. These materials possess intrinsic quantum wells (QWSs) that
result in enhanced quantum confinement and dielectric confinement. Consequently, these
features lead to a significant increase in the exciton binding energy. As the number of lead
halide octahedral sheets increase from n =1 (2D) to n = o (3D), the exciton binding energy
decrease, and excitons gradually disassociate by thermal energy. In general, carriers in low-

dimensional perovskites are predominantly excitons, whereas 3D perovskites are dominated by



free electron-hole pairs, as shown in Figure 5(a). This crucial distinction explains why low-
dimensional perovskites exhibit significantly different photoluminescence and ASE behaviors
when compared to their 3D counterparts.®6-38

The carrier dynamics for excitons and free carriers are different. Here we use quasi-2D
and 3D perovskite films as a comparison, as shown in Figure 5(b)&(c). For quasi-2D films,
excitons dominate and their rate equation is expressed by:

dn, 5
- W = koxNy + Kpxny

Where n, is exciton density, k., is excitonic emission and k;, is exciton-exciton annihilation
(EEA) rate coefficient. The first-order term (excitonic emission) is radiative and the second-
order term (EEA) is nonradiative. At low excitation power, the excitonic emission is fast and
efficient, thus leading to higher PLQY for quasi-2D perovskites. However, as the excitation
power increases, the exciton-exciton annihilation (EEA) process becomes more prominent and
leads to a higher ASE/lasing threshold.

For 3D perovskites, the dynamics of free carriers are similar to other semiconductor and

their rate equation is:

dn 5 3
_E = kln + kzn + k3n

Where n is the free carrier density, k,, k, and k5 are trap-assisted, bimolecular (radiative), and
Auger recombination rate coefficients respectively. The PL intensity for 3D perovskites scale
with the square of the excitation fluence, thus have a low PLQY and ASE/lasing threshold

compared to quasi-2D perovskites.
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Figure 5 Perovskite carrier dynamics. (a) The binding energy and carriers in different dimensional perovskites. (b) &(c)
Dependence of the carrier decay rates and radiative efficiencies of quasi-2D and 3D perovskite thin film. The figure is reprinted
with permission from ref 39, Copyright 2021 The Authors. Published by Elsevier Ltd.



Chapter 2. Perovskite light-emitting materials synthesis and study

During my research, different types of perovskites were explored and utilized for different
applications. For color converters, perovskites need to have high converting efficiency and
survive multiple photolithography processes, so perovskite quantum dots with high PLQY and
high stability are preferred. For LEDs, perovskites should have high conductivity and thermal
stability, thus quasi-2D perovskites are our major choices. For laser devices, a high radiative
recombination rate under intense pumping is necessary, so 3D perovskites with dopants were
applied.

In experiment practice, the quality of perovskite film is critical to devices’ performance.
Thus, special care and operations are needed during chemical synthesis. All chemicals need to be
stored according to the safety data sheet (SDS) provided by the manufacturer, especially organic
chemicals, which are mostly stored in the glove box to avoid oxidization. Certain chemicals need
special treatment. For example, 18-crown-6 has a melting point of 42 °C, once | observed it
melted to liquid during summertime. Oleylammonium lodide decomposes quickly and will be no
longer usable after 6 months. DMSO and DMF solvents are hygroscopic and need to be sealed
and stored in a glove box. To achieve the best performance for perovskite devices, all chemicals

should be double-checked before use.

2.1 Perovskite 2D/quasi-2D/3D thin film

Perovskite thin films are usually deposited by a simple solution process. By mixing metal
halide and organic halide chemicals in polar solvents, like DMF and DMSO, perovskite
precursors can be obtained (Figure 6 (a)). Any spacers or dopant can be added into the precursor

to easily tune perovskites’ electrical, optical and chemical properties. The precursor is then spin-



coated on the substrates in an anhydrous nitrogen-filled glove box to avoid phase degradation.
Anti-solvent treatment and annealing process can both improve film quality.*

A recipe for synthesizing 0.2M quasi-2D perovskite, (PEA)o.4CsPbBr3), is listed here:

(1) Put a stir bar in a clean vial and transfer the vial into the glove box. Using a nitrogen
gun to squeeze out the air from the vial.

(2) Weigh 127.68mg CsBr, 220.2mg PbBr,, 48.48mg PEABr and 10.5 mg 18-crown-6 in
vial. These chemicals are 0.6M in total.

(3) Add 3 mL DMSO into the vial and stir at 60 C for 2 h to guarantee sufficient
dissolving.

(4) After cooling down, use a 0.45 um PTFE filter with syringe to filter the precursor. Use
a new vial to get the filtered precursor. The precursor will expire in two weeks because small
perovskite nanocrystals will gradually crystalize and grow in the precursor.

(5) The perovskite precursor solution is spin-coated onto substrates at 3000 rpm for 60s
with an acceleration speed of 1500 rpm/s. Afterward, the perovskite films were immediately
annealed at 100 °C for 1 min to accelerate nucleation. The perovskite thin film shows strong

photoluminescence under UV excitation, as shown in Figure 6 (b).

2.2 Perovskite quantum dot

Perovskites in the quantum dots (QD) form have high photoluminescence quantum yields
(PLQYSs) of up to 95%. Their narrow light-emitting peaks with an FWHM of about 20 nm are
particularly attractive for high-quality light-emitting devices.*! Perovskite quantum dots are
typically formed from the reaction between metal halide and organic halide, and then self-

organized into nano-crystal structures with the assistance of long-chain ligands. Most quantum



dot synthesis depends on high temperature to control the crystallization speed and thus
determines the QD size, and requires the inert gas environment to suppress perovskite
degradation. Here we utilized a room-temperature ligand-assisted synthesis method to provide
high-quality QD samples, shown in Figure 6 (¢)&(d). Those quantum dots have a PLQY of up to
99.6% and stayed stable in the ambient environment for more than six months.

First, four kinds of precursors are obtained by constant stirring at 60 °C to get clear
solutions:
(A) 0.1 M Cs2CO3 dissolves in octanoic acid (OTAC);
(B) 0.1 M PbBr2 and 0.2 M tetraoctylammonium bromide (TOAB) mixed and dissolved in
toluene;
(C) 0.1 M ZnBr2 and 0.2 M TOAB mixed and dissolved in toluene;
(D) Didodecyldimethylammonium bromide (DDAB) dissolves in toluene with a concentration of
10 mg/mL.

The quantum dots are synthesized by mixing 600 uL solution D and 1800 uL solution B.
Then 200 uL solution A is swiftly added into the mixture, forming a yellow precipitate (PQDs).
After that, 600 uL of solution D and solution C are added to further passivate the PQDs. In the
end, the PQDs are purified by several rounds of centrifuging, redispersing with toluene, and
washing with ethyl acetate. The final products of PQDs can be dispersed in non-polar solvents,

like toluene, hexane or heptane.



(d)

Figure 6 Perovskite materials. (a) perovskite precursor. (b) quasi-2D perovskite thin film under UV excitation. (c) perovskite
quantum dot under daylight. (d) perovskite quantum dot films.

2.3 Quasi-2D Perovskite LEDs

Perovskite LEDs have been actively researched and developed as a potential alternative to
traditional LEDs, offering advantages such as high color purity, tunable emission spectrum, and
lower fabrication costs. To investigate the feasibility of perovskite lasers, we conducted an initial
examination of perovskite LEDs, focusing on their electroluminescence and charge carrier
transportation characteristics.

In our study, we synthesized quasi-2D perovskites using a mixed composition of CsPbBr3,
PEABT, and 18-crown in a molar ratio of 1:0.4:0.07. The addition of the polymer 18-crown
helped passivate the surface and reduce defects in the perovskite material.*?

The LED is designed with a sandwich structure
(glass/ITO/PEDOT:PSS/perovskite/ TPBIi/LiF/AQ), as illustrated in Figure 7(a). The transparent
ITO is deposited on glass substrate with a thickness of 125nm. 40nm-thick of PEDOT:PSS is
spun cast as the hole transporting layer. A 30nm-thick emission layer is prepared by spin-coating
using perovskite precursors mentioned in the previous section. The sample is then baked at
100°C to accelerate perovskite crystallization. After that, 35nm TPBI (hole transporting layer),
1.5nm LiF (helps lower the work function of silver electrode) and 100nm silver electrode are

deposited on the sample in sequence by evaporation with shadow masks. The red box in Figure



7(a) indicates the working area, where ITO and silver electrodes are overlapped. The as
fabricated perovskite LED shows a very high brightness when working under voltage bias
(shown in Figure 7(b)).

The energy diagram of each layer is shown in Figure 7(c). Since the emission layer is
consist of different phases of perovskites, their band edges are not labeled. By applying voltage,
electrons and holes are injected from Ag/LiF electrode and ITO electrodes, respectively. TPBI
and PEDOT:PSS are hole transporting layer and electron layer, that can transport one carrier
while blocking the other. By controlling the thickness of these layers, a proper balance between
the injection of electrons and holes can be achieved. This balance is crucial for efficient charge
transport and recombination within the perovskite layer, leading to improved external quantum
efficiency (EQE) of the device. Tailoring the thickness of the hole transporting and electron

layers helps optimize the charge carrier injection and transport, thereby enhancing the overall

performance of the PeLED.
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Figure 7. Perovskite LEDs. (a) LED structure 3D model. (b) LED EL. (c) Energy diagram of LED structure.

The external quantum efficiency (EQE) is a crucial parameter in LEDs. It quantifies the

efficiency of converting injected charge carriers into emitted photons. EQE is defined as the ratio



of the number of emitted photons (Nphoton) to the number of injected charge carriers (Nelectron).

The EQE can be calculated via

~ |~

Nphoton Nphoton e
EQE = —2hoton =<.
Q I/e hv 9

Neiectron

Where | is the current flowing through the LED device, P is the emitted power measured

by a photodetector. Since PeLEDs can be considered as Lambertian light sources, we can

introduce a geometry factor, g, to calibrate the photodetector, which is expressed by

r2 + 12
g = )

Where r is the diameter of the detector, L is the distance between the detector and LED

surface.®
Then the luminance (L) can be calculated by:
_ 683X P xgxV(d)
B TA

Where V(1) is the luminous function representing the average spectral sensitivity of human
visual perception of brightness, and A is the device area.

The electroluminescence (EL) properties of perovskite LEDs are measured and the results

are shown in Figure 8. The LEDs show a turn-on voltage of about 2.9V with a maximum EQE

of 10.9% and a luminance of 24700 cd/m?2.
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Figure 8. Perovskite LED performance. (a) EQE vs voltage curve. (b) Luminance vs voltage curve.



2.4 Perovskite LEDs with hole array structure

Perovskite LEDs face challenges in achieving high external quantum efficiency (EQE) due
to the material's large refractive index (2.3-2.7).”#* A large portion of the light will be trapped in
waveguide mode and thus do not contribute to the EQE. On the other hand, due to the small
Stokes shifts of perovskites, photon recycling plays an important role in the quantum yield
measurement. Methods have been proposed to maximize perovskites’ photon recycling and thus
increase the efficiency, e.g. low -index grids, °! textured substrate*® and confined electrodes with
associated parasitic absorption.*

Here we successfully demonstrated a green pixelated perovskite LED with a hole array.
Figure 9(a) schematically depicts the structure of PeLEDs with hole arrays. To avoid the current
shunt path between the cathode and anode, an insulating layer (SiO2) was deposited and
patterned with 50/100 um holes on the ITO layer, shown in Figure 9 (b)(c). The holes also play
as current apertures to help mitigate Joule heating.*” While working, the current is confined in
the hole area and the surrounding perovskites work as a heat sink and photon recycle gain
material.

Figure 9(d)-(f) show the performance of PeLEDs fabricated in the same batch. A plain
LED with no hole array is used as a reference. The reference PeLED, 50 um hole array PeLED
and 100 pm hole array PeLED showed a maximum EQE of 6.64%, 7.57% and 7.54%
respectively, indicating a 14% increase. The current focusing effects are more obvious than EQE
improvement. The maximum luminance of the hole array LEDs showed about 2.8 folds over the

reference device at around 5.8 volts, as shown in Figure 9(e).
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Figure 9. PeLEDs with hole arrays. (a) Schematic structure of pixelated PeLEDs. (b)&(c) 50 um and 100 pm SiO2 hole array on
ITO layer. (d)-(f) The performance comparison between reference and PeLEDs with current aperture structure over EQE,
luminance and current density.



Chapter 3. Perovskite optically pumped lasers with MAPDbBTr3

Adapted with permission from:

Chang, C., Shi, Y., Zou, C., & Lin, L. Y. (2023). MAPbB13 First-Order Distributed Feedback

Laser with High Stability. Advanced Photonics Research, 4(1), 2200071. Copyright 2022 The

Authors. Advanced Photonics Research published by Wiley-VCH GmbH

3.1 Abstract

A green-emitting perovskite first-order distributed feedback (DFB) laser based on
methylammonium lead bromide (MAPbBr3) with high stability is demonstrated for the first time.
The laser achieved stable lasing at 550 nm with a full width at half maximum (FWHM) of 0.4
nm. A low lasing threshold of 60 J cm under nanosecond pulsed excitation and 3.1 pJ cm™
under femtosecond pulsed excitation were observed, showing a much lower lasing threshold
compared with the second-order DFB cavities we fabricated on the same substrate. By
optimizing antisolvent treatment and encapsulating with PMMA, the laser lifetime, moisture
resistance, lasing threshold and intensity were significantly improved. The lasers were fabricated
with a CMOS-compatible process, thus offering promising potential for integrated photonic

devices.

3.2 Introduction
In this part, we demonstrated a green-emitting perovskite 1%%-order DFB laser with a low
lasing threshold, narrow FWHM, high resistance to moisture and long-term stability. The laser

was fabricated on a silicon wafer with a CMOS-compatible process. Figure 10 shows the SEM



images (Figure 10(a) and (b)) and a schematic (Figure 10(d)) of the device. To facilitate
detection of the laser output, 2"-order DFB gratings are utilized at both ends of the 1%-order
DFB grating to couple the laser light out vertically. Those edge 2"-order DFB gratings were not
capable of generating lasing but only facilitated light extraction. Figure 10(c) shows the dark
field image of the 1%*-order DFB laser under operation. Upon nanosecond pulsed laser excitation
which illuminates the 1%'-order DFB grating area only, the laser achieved a narrow FWHM of 0.4
nm and a threshold of 60 uJ cm™. This threshold value is about 60% lower than the 2"-order
DFBs with the same design. The laser also shows long-term stability and moisture resistance
with the encapsulation of a PMMA layer. During a 4-hour pumping process, the emission

spectrum shows no change in FWHM and minor degradation in peak intensity.

337nm pumping
550nm lasing

PMMA

MAPbBr| —_— 2

Figure 10. Optically pumped perovskite laser. (a) SEM image of the 1st-order DFB grating for the perovskite laser with (b) a
2nd-order DFB grating area for output coupling. A waveguide region without gratings separates the output-coupling grating from
the 1st-order DFB resonator. (c) Dark-field optical microscope image of the 1st-order perovskite DFB laser under operation. The
image shows the pumping light illuminating the 1st-order DFB grating region, and the green emission coupled out of the 2nd-
order DFB gratings at both ends. (d) Schematic of the perovskite 1st-order DFB laser.




3.3 Device design and fabrication

3.3.1 DFB cavity design
The DFB gratings are fabricated by electron-beam lithography (EBL) on a silicon dioxide
(SiO2) layer thermally grown on a silicon wafer, shown in Figure 12. The DFB grating designs

are determined by Bragg condition:

q)\Bragg = 2neffA

where q is the diffraction order (q=1 for 1% order and g=2 for 2" order); Agraggls the
Bragg wavelength; n s is the effective refractive index; A is the grating period.

For 1%-order DFB lasers, the lasing direction is in the plane of the gratings. This edge-
emitting behavior requires cleaving the device chip to characterize the laser output. However,
cleaving the chip brings risks of damaging the soft perovskite layer, and compromises
repeatability because spin-coating perovskites results in a rough and thicker edge. Therefore, for
testing our devices, a few dozen periods of 2"%-order DFB gratings are incorporated at the end of
the device for efficient vertical outcoupling of light, as shown in Figure 10(a). The 2"%-order
DFB gratings are separated from the 1%-order DFB grating by a channel waveguide structure
through the etching part of the SiO> layer. By avoiding cleaving the chips, the substrates can be
reused and the experimental results were highly repeatable. Figure 12 (a) and (b) show that high-
quality gratings with a period of 140 nm and 280 nm were obtained by EBL for 1%-order and 2"-
order DFB, respectively.

To show that the 2"%-order DFB gratings at the edge had no influence on our 1%-order DFB
laser measurement, we fabricated devices that only have the edge gratings (Figure 11(b)). The
origin 1%-order DFB grating area was removed by etching away the entire region, so perovskites

will fill the trench and form a waveguide. Under the same excitation (152 pJ cm), the emission



spectrum of these two devices as well as ASE is shown in Figure 11(c). It shows that the edge

2"%-order DFB gratings were not capable to generate lasing but only facilitated light extraction.
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Figure 11 Comparison between (a) a 1%-order DFB laser with 2"-order DFB gratings for output coupling and (b) a device with a
waveguide and the 2"-order DFB gratings at the edge. (c) The output spectrum of the device shown in (a)(b) and ASE.

MAPDBTr3 precursor was spin-coated on the DFB grating-patterned SiO2/Si substrates with
the help of antisolvents. The differences in polarity, miscibility and boiling points of the
antisolvents lead to significant variances in the perovskite films.*>4 We compared several
different antisolvents and found ethyl acetate could best improve the laser performance, which
will be discussed later.

To improve laser stability, a thin layer of PMMA was spin-coated on top of the perovskite
layer. The lasing mode profile in the DFB cavity is strongly dependent on the layer thickness of
the gain material, so the thickness of the perovskite layer, the PMMA layer and the grating depth
were carefully optimized to achieve an effective index that matches the grating period, thus to

achieve the desired laser output wavelength.



Figure 12. SEM image of (a) 1%--order DFB gratings and (b) 2"-order DFB gratings.

To find the optimized DFB cavity design, a dozen of FDTD simulations were performed.

The dependence of lasing peak wavelength and quality factor on the layer thickness can be found

in Table 2.
perovskite thickness PMMA thickness Grating period Quality Peak wavelength

[nm] [nm] [nm] factor [nm]
110 2029 509.1
120 1607 516.9
130 1274 524.0

50 140
135 1135 527.2
140 1007 530.0
150 809 536.0
0 1460 521.2
30 1221 525.7

140
135 50 1135 527.2
80 1063 528.3
50 145 1162 543.2




150 1186 559.2

155 1208 574.9

Table 2 Simulation results for the relationship between each layer’s thickness, quality factor and peak wavelength. The values are
different from actual devices due to fabrication variance and simulation resolution.

The mode profile distributions in the substrates are obtained by simulations. All electric
field magnitudes are already unified to make comparisons. The blue, yellow and purple parts are
SiO2, perovskites and PMMA respectively.

Figure 13(a)-(c) show gratings with no PMMA encapsulation and a perovskite layer of 110
nm, 135 nm and 150 nm respectively. It can be seen that a thicker perovskite layer increases
mode confinement. However, since the grating depth is fixed to 60 nm, the thicker perovskite
layer, the less optical feedback there will be. This is in accordance with the Q-factor data shown
in Table S1. In the meantime, to obtain a uniform perovskite film with good coverage and
enough optical gain, the perovskite layer cannot be too thin.

Figure 13(d)-(f) show the influence of PMMA layer thickness over the mode profile.
PMMA is absorptive and forms an index gradient between perovskites and air, so increasing
PMMA thickness will significantly decrease mode confinement and quality factor. However, a

thick PMMA layer is essential for good encapsulation.
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Figure 13 Mode profile distribution in the grating area.

3.3.2 Device fabrication and characterization

Materials: MABr (>99.5% purity) was purchased from Ossila. PbBr2 (99.9%, metal basis),
PMMA (~120,000 MW) and Dimethyl sulfoxide (DMSO, anhydrous) were purchased from
Sigma Aldrich. DisCharge (2x) was purchased from DisChem.

DFB gratings fabrication: Silicon substrates with 2 um wet thermal oxide were cleaned by
ultrasonication using detergent, acetone, isopropanol and DI water, followed by plasma cleaning
at 150W for three minutes. A 110 nm layer of ZEP520A Ebeam lithography resist was spin-
coated on the substrates and annealed at 180 °C for three minutes. Then a DisCharge layer was
spin-coated on the resist at 4000 rpm. Electron beam lithography was performed to draw grating
patterns on the resist layer using a JBX-6300FS system (JEOL) with an optimized dose of 185
uC/cm?. After the exposure, the substrates were submerged in water for one minute to strip the

DisCharge. Amyl Acetate was used to develop the patterns at room temperature. The patterned



resist layer is used as the etching mask in an Inductively Coupled Plasma (ICP) fluorine etcher to
etch 60 nm of silicon dioxide. Finally, the substrates were heated in N-Methyl-2-pyrrolidone
(NMP) at 90 °C overnight to strip the resist.

Solutions synthesis: The green perovskite precursor was obtained by mixing 0.84 M MABr
and 0.8 M PbBr> (MABr : PbBr = 1.05 : 1) in DMSO. The precursor was heated at 60 °C for 12 h
with constant stirring. After cooling to room temperature, the precursor was filtered with 0.45
pum PTFE filters. The encapsulation layer is prepared by dissolving 20 mg of PMMA in 1 ml of
toluene and stirring for a sufficient time.

Device fabrication: The silicon substrates with DFB gratings were cleaned as previously
described. Then the substrates were treated with ultraviolet plasma cleaning to increase
wettability. The precursor solution of MAPbBr3 was spin-coated on the substrate at 3000 rpm for
one minute in a nitrogen-filled glove box. 200 pl of antisolvent was dropped onto the substrate
during spin-coating to accelerate nucleation. Then the substrates were baked at 60 °C for 10
minutes. PMMA in toluene was spin-coated on the perovskite layer as an encapsulation layer and
then annealed for another 10 minutes.

ASE and lasing measurement: For both ASE and lasing measurement, the samples were
pumped by a nanosecond nitrogen laser (337 nm, 20 Hz, 3.5 ns pulse width; NL 100, Stanford
Research System) with a micro-PL system. The pump fluence was tuned by a continuously
variable ND filter. Both the excitation light and PL were vertically coupled in/off the sample. A
cascaded 4-f imaging system in conjunction with a 450 nm longpass filter was used to collect the

emission before a spectrometer (Thorlabs CCS100) and a CCD camera.



3.4 Results and discussion

3.4.1 ASE and lasing performance

A nanosecond pulsed laser with 337 nm wavelength, 20 Hz repetition rate and 3.5 ns pulse
width was used as the pumping source unless otherwise specified. All measurements were done
at room temperature in an ambient environment.

The ASE was obtained by pumping the area without DFB gratings. Figure 14(a) and (b)
show the evolution of the ASE spectrum versus pump fluence. At low excitation, the
photoluminescence (PL) spectrum shows an FWHM of 21 nm around a 530 nm emission peak.
After the pump fluence is increased to around 400 pJ cm™, the FWHM is reduced to 2 nm and
the emission peak shifts to 550 nm, both indicating the onset of ASE. The red shift is attributed
to the transition from a higher-energy bound exciton state (PL) to a lower-energy bound exciton
state (ASE).*® Under high pump fluence, the higher-energy state serves as the optical pump for
the lower-energy state, thus the ASE emission at 530 nm dominates.

We then moved the pump light to the 1%-order DFB grating region and performed the
measurements again. Figure 14(c) and (d) clearly indicate lasing of the perovskite laser. The
emission spectrum shows a steep drop in FWHM once the pump fluence reaches a lasing
threshold of ~60 pJ cm™. The narrow FWHM of 0.4 nm corresponds to a high lasing quality
factor over 1300. We also fabricated 1%-order DFB gratings with different periods ranging from
138 to 144 nm. The emission spectra of the perovskite lasers with these DFB gratings are shown
in Figure 14(e). The lasing wavelength is tuned from 546.9 to 556.8 nm, corresponding to the
grating period change which affects the effective refractive index as well.

To compare the lasing threshold of 1%-order DFB lasers with 2"%-order DFB lasers, we

fabricated both 1%- and 2"9-order DFB gratings on the same substrate with the same processing



conditions. Lasing thresholds of 69.5 uJ cm™ for the 1%-order DFB laser and 168.6 puJ cm™ for

the 2"9-order DFB laser were observed (Figure 14(f)), which is in accordance with the theory that

the lasing threshold for 1%-order DFB lasers should be reduced by a factor of 2 compared to the

2"d_order DFB lasers.>°
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Figure 14. ASE and lasing properties. (a) FWHM and ASE intensity as a function of pump fluence. (b) Evolution of the ASE
emission spectrum versus increasing pump fluence. (c) FWHM and laser output intensity as a function of pump fluence. (d)
Evolution of emission spectra under different pump fluences. (e) Dependence of the lasing peak wavelength on the grating period
of 1st-order DFB lasers. (f) Comparison between the laser output intensity of 1st- and 2nd-order DFB lasers.



3.4.2 Antisolvent treatment

The antisolvent method has been widely used for preparing high-quality, low-defect
perovskite films in the application of solar cells, photodetectors and LEDs.*® Common
antisolvents for MAPDBTr3 are chlorobenzene (CB) and toluene (Tol) due to their insolubility of
perovskites and miscibility with the precursor solvent (DMSO/DMF). The antisolvents are added
during spin-coating right before perovskite crystallization. During the process, antisolvents mix
with the perovskite precursor, extract the precursor solvent and form local supersaturation for
perovskites, forcing the material to quickly recrystallize.*®

Figure 15(a) shows the light-in versus light-out characterization results (L-L curve) for 1%-
order perovskite DFB lasers fabricated using different antisolvents. The lasing thresholds for EA,
MA, TOL and CB-treated devices are around 60, 95, 110 and 147 uJ cm?, respectively. In the
high pump fluence region, the laser intensity for MA, TOL and CB-treated devices are similar
due to saturation, whereas the EA-treated device shows twice the intensity of the others. Figure
15(b) presents the lasing spectra of devices with MAPbBTr3 films using different antisolvents
under nanosecond pulsed pumping with a pump fluence of 152 puJ/cm?, the peak intensity and
wavelength clearly vary. Figure 15(c) shows the film morphology and surface roughness of each
device. All devices have a smooth and glossy surface except the hexane-treated sample, where

no lasing or amplified spontaneous emission (ASE) was detected due to high film roughness.
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Figure 15. (a) First-order perovskite DFB lasers were fabricated using different antisolvents. (a) L-L curve and (b) laser emission
spectrum under 152 pJ cm™ nanosecond pulsed pumping. (c) Images of laser samples using different antisolvents with their
surface roughness.

To obtain more reliable and statistically significant results, the lasing thresholds of
multiple devices, fabricated in the same batch, were measured (shown in Figure 16). The
observed trend in lasing thresholds for different antisolvents aligns with the findings presented in
the research paper. Statistical analysis of the data reveals that ethyl acetate (EA) exhibits the
smallest variance, while toluene (TOL) exhibits the largest variance. This discrepancy can be
attributed to the varying durations that antisolvents remain in contact with the perovskite film
during the fabrication process. EA and methyl acetate (MA) have shorter contact times of less
than 0.3 seconds, whereas TOL has a longer contact time exceeding 1 second. This difference in
contact duration may influence the speed and uniformity of perovskite crystallization, thus

impacting the lasing thresholds observed.
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Figure 16 Lasing threshold vs antisolvent type.

To analyze the effects of antisolvents on the photoluminescence (PL) properties, the PL
spectra and PL lifetimes of the samples were measured, and the results are presented in Figure
17.

The PL spectrum was obtained by a 405 nm CW laser, with a pumping intensity of 420
mW cm. The recombination dynamics of perovskite films treated with different antisolvents
would affect the lasing threshold. The charge carrier dynamics can be described with the
following equation:

dn(t)
o de

= kyn + k,n? + kyn®

Where n is the charge carrier density, t is the time, ki is the monomolecular recombination
rate (a trap-assisted Shockley-Read-Hall recombination), k is the bimolecular recombination

rate and ks is the Auger recombination rate.



Under steady-state excitation, the PLQY (»(n)) for 3D perovskites is given by:

kon

) = on f k2

To lower the lasing threshold, we expect small ki, ks and large k2. In the high carrier
density region (at the lasing stage), only small ks and large k- are particularly required as ki
almost only affects the PLQY at low carrier density.

As shown in Figure 17(a), EA-treated films show the highest PL peak intensity at low

excitation intensity, indicating the defect density of EA-treated films is the lowest among the

four kinds of films, which also leads to the smallest kj.
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Figure 17 Perovskite films’ PL and PL lifetime.(a) PL spectrum for perovskite films processed by different antisolvents. (b) PL
lifetime measurement for perovskite films processed by different antisolvents.

The TRPL data in Figure 17(b) could be fitted by single-exponential decay well. PL

lifetime measured for perovskite films processed by different antisolvents:

EA: 4.8 ns
CB: 9.4 ns

MA: 5.9 ns



TOL: 9.1 ns

The measurements are performed with a fluorescence lifetime spectrometer (PicoQuant,
FluoTime 100, PicoHarp 300). Laser wavelength 405 nm, pulse width 70-90 ps, repetition rate 5
MHz. Considering the radiative recombination in 3D perovskites is mainly contributed from
bimolecular recombination under picosecond laser pumping, the PL lifetime is approximately
given by:

1

T =
rad kzn

The EA-treated films have the lowest PL lifetime, indicating the radiative bimolecular
recombination rate (k2) of EA-treated films may be the largest among the four kinds of films.

That’s also why EA-treated films have the lowest lasing threshold.

3.4.3 Laser stability

Solving the stability issue of solution-processed perovskite lasers is still a key challenge. It
is well known that perovskite materials degrade due to the chemical reaction with oxygen and
moisture easily. Especially under the condition of high-power pumping, the accumulated joule
heating accelerates the decomposition process, thus decreasing the laser performance. Ligand-
modification for perovskite QDs,*1°? hydrophobic organic layer engineering®, and perovskite
QD-embedded polyacrylonitrile®* have all been proven to be effective methods to prolong the
laser’s lifetime by isolating the perovskite gain materials from the air.

Here we show that with a thin layer of PMMA on top of the perovskite layer, the device
performance and lifetime can be significantly improved. To compare the performance of the

devices with and without PMMA encapsulation, we excite the lasers at a pump fluence of 2P,

where Pt is the lasing threshold, using the nanosecond pulsed laser. As shown in Figure 18(a),



the unencapsulated device’s output intensity quickly dropped to 60% of the initial value after
about 10 minutes. The device encapsulated with PMMA showed stable lasing for 4 hours
(288000 laser shots) with almost no FHWM broadening (Figure 18(a) and (b)). The laser output
spectra in Figure 18(b) also shows that the laser peak intensity maintained ~82% of its initial
value after 4 hours with a minor blue shift of ~0.3 nm. In contrast, the unencapsulated device
only maintained 35% of the initial intensity and emission peak blue-shifted 1.7 nm (Figure
18(c)). It is interesting to notice that there is a slight intensity increase in the first 5-20 minutes of
pumping for the encapsulated device. The increase wasn’t very obvious for the unencapsulated
device due to quick degradation. The phenomenon is also observed in similar works.'8°5% This
may be due to the heating and recrystallizing of perovskites under optical pumping that

smoothens the surface.
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Figure 18. Perovskite laser’s stability test. (a) Laser intensity over time under optical pumping at twice the lasing threshold. The
lasing spectrum of (b) the PMMA-encapsulated device and (c) the unencapsulated device at the beginning and the end of the 4-
hour measurement. (d) Laser performance before and after dipping into the water.



To accelerate the degradation effect from moisture, we dipped the device in water briefly
and then compared its performance in FWHM and L-L characteristics (Figure 18(d)). The
performance was almost identical before and after the dip, showing the PMMA layer provided
sufficient protection against moisture. The perovskite layer in devices without PMMA
encapsulation dissolved immediately in water, therefore further testing was not possible for these
devices.

The samples used to compare 1%- and 2"- order DFB lasers were stored in the air for a
week and measured again. The lasing thresholds for first-order DFB laser before and after the

storage were 69.5 and 64.9 pJ cm?, as shown in Figure 19.
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Figure 19 LL-curve for a 1%-order perovskite DFB laser measured a week later.

Some self-healing effects were also observed during laser operation. The perovskite laser
output and PL intensity over time are shown below. The DFB laser has a lasing threshold of 55
uJ cm. The pumping fluence is 130 pJ cm™, a little bit higher than twice the threshold. After
pumping for 15 minutes, the pumping laser was turned off for two minutes. Figure 20 clearly

shows the lasing intensity increases in the first two minutes and then gradually decreases. After



the two minutes of cooling down, the lasing intensity is restored and the process is repeated. In
the meantime, the PL intensity remains the same during the entire measurement. This indicates
some more complicated mechanics besides heating and recrystallization are involved, e.g.
thermal effects related lasing death. A more detailed investigation is required to further reveal

the lasing mechanics for perovskites.
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Figure 20 Lasing and PL output intensity versus time.

3.5 Conclusion

In summary, we designed, fabricated and optimized 1%-order DFB lasers based on
MAPDBr3, which shows around a 60% decrease in lasing threshold compared with 2"%-order
DFB lasers. Utilizing ethyl acetate as the antisolvent, the lasing threshold was reduced
significantly to 60 pJ cm™ under nanosecond pulse pumping, and the optical output intensity was
substantially higher than that of lasers treated with other antisolvents. Laser emission FWHM as
narrow as 0.4 nm was achieved. The peak wavelength can be tuned from 546.9 nm to 556.8 nm

by changing the 1st-order DFB grating period. With a thin PMMA layer encapsulation, the laser



performance and stability can be greatly improved. The results demonstrate the promising
prospect of perovskite DFB lasers in filling the green gap of semiconductor lasing sources for

integrated photonics.



Chapter 4. Ultralow-threshold quasi-CW lasing from FAPbBr3

perovskite first-order DFB laser

Adapted with permission from:
Chang, Cheng, and Lih Y. Lin. "Ultralow-threshold quasi-CW lasing from FAPbBr3
perovskite first-order DFB laser.” Nanotechnology 34.17 (2023): 175201. Copyright 2023 IOP

Publishing Ltd
4.1 Abstract

To pursue electrically pumped lasers, we need to reduce optically pumped perovskite
laser’s lasing threshold. Here we report a quasi-CW pumped ultra-low ASE/lasing threshold
formamidinium lead bromide (FAPbBr3) laser. The laser achieved stable lasing at 555 nm with a
full width at half maximum (FWHM) of 0.6 nm, showing a low lasing threshold of 22.6 pJ cm™
under 3.5 nanosecond quasi-CW excitation at room temperature. The material also showed an
ultra-low ASE threshold of 46 uJ cm under the same pumping condition. Through polymer
doping, we showed that the material’s performance can be improved by increasing bimolecular

recombination rate with reduced grain size.

4.2 Introduction

Metal-halide perovskites are promising solution-processed gain materials for low-cost on-
chip lasers in integrated photonics. Ever since the first demonstration of perovskite lasers in
2014, many works have revealed the vast possibilities for perovskites. Xing, et al. demonstrated
tunable ASE from spin-coated polycrystalline MAPbX3 films (X = ClI, Br, 1) that cover the

visible spectrum, including the “green gap”.'% After that, Yakunin, et al. showed that ASE and



lasing can be achieved at room temperature.®° Since perovskites can be dissolved and damaged
in most lithography developers, people used self-assembled perovskite single crystals, nanowires
and nanoplates as feedback cavities and achieved lasing.*142157.58 Despite the unstable nature of
perovskite materials, multiple types of human-designed feedback cavities (DFB cavities,
VCSEL, photonic crystal cavity, etc.) have been combined with perovskites and built up the
broadways to integrated perovskite devices,6:19:59.60

Like all other organic semiconductor materials, LEDs and optically pumped perovskite
lasers have been well developed, but electrically pumped perovskite lasers are still a long-
standing challenge. However, the successful demonstration of organic polymer lasers pointed out
a possible direction.®! For perovskite laser diodes, there are several primary challenges to be
solved: (a) incorporating high gain perovskites with optical feedback structure to achieve a low
lasing threshold; (b) injection of high current density to reach the lasing threshold carrier density;
(c) mitigating Joule heating under high current injection to reduce material degradation. These
challenges have been partially resolved by a series of works. Room temperature continuous-
wave lasing in quasi-2D perovskites has been achieved with second-order DFB gratings,®? which
showed the lasing threshold carrier density can be as low as 10*® cm. DFB cavities can be well
combined with LED structures to achieve ultrahigh current injection without material
degradation. Zhao, et al. reported their LED structure with a second-order DFB cavity that
achieved an electrical injection carrier density of 7.5x10'7 cm with 3D perovskites.®® Although
the room temperature continuous-wave lasing threshold carrier density (with quasi-2D
perovskites) is already lower than the reported electrical injection carrier density (with 3D
perovskites), laser diodes haven’t been achieved due to efficiency roll-off under high current

injection.*’ Besides, quasi-2D perovskites with insulating spacers suffer more Joule heating than



their 3D counterparts under high current injection, and they usually have a lower bimolecular
recombination coefficient and higher Auger recombination coefficient.>® Considering this, 3D
perovskites with ultra-low quasi-CW pumped lasing threshold at room temperature pave a
promising way to electrically pumped perovskite lasers. Recently, quasi-CW lasing from
MAPDBT; at 260 K was achieved with a threshold of 4500 pJ cm™2.%4

As an important step towards electrically pumped lasers for integrated photonics, here we
report an ultra-low lasing threshold quasi-CW pumped laser with FAPbBr3 on first-order DFB
cavities at room temperature. The ASE/lasing lifetime for perovskites is in the range of
picoseconds, so the excitation with a pulse of longer duration can be considered as quasi-CW
excitation.3%°864 Under 3.5 ns pulsed pumping, our device showed an ultra-low ASE threshold of
46 uJ cm. The ASE threshold can be used as a benchmark for comparing different perovskites’
intrinsic suitability for gain applications,'® and our ASE thresholds are similar to the quasi-2D
CW lasing devices,®? A lasing linewidth of 0.6 nm was achieved with a lasing threshold of 22.6
nJ cm, which is two orders of magnitude lower than a recent work on quasi-CW MAPbBr3
laser.5* The lasing peak can be tuned from 549.4 to 558.9 nm by changing the grating periods, as
shown in Figure 21(b). The AFM images are shown in Figure 21(c)-(e), where second-order

DFBs can be observed with a clear height contrast.
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Figure 21 Laser design. (a) Perovskites on DFB cavities under the microscope. The image is spliced with two photos of the same
grating. (b) Dependence of the lasing peak wavelength on the grating period of the first-order DFB gratings. (c)-(e) AFM images

of the grating area.

For optically pumped lasers, the pumping source will make a difference in the devices’

performances. Under ASE/lasing conditions, perovskites have a photon lifetime of 1-100 ps.

When the pumping source has a shorter pulse than the photon lifetime, it should be considered

pulsed pumping. Considering this, fs, ps and ns pump lasers will have different working

mechanics during excitation. The lasing thresholds for some perovskite lasers’ results with the

same physical unit (energy/area/pulse width, in W/cm2) are listed in Table 3 for comparison.

Material Pumping source | Threshold fluence Threshold power Reference
density

MAPDI; thin 150 fs, 1 kHz, | ASE: 12 uJ cm™ 8x107 W cm™ 10

film 600 nm

MAPbDI; 150 fs, 250 Lasing: 220 nJ cm? | 1.47x10° W cm™ 13

nanowire kHz, 402 nm

MAPbDI; 50 fs, 1 kHz, Lasing: 37 uJ cm™ 7.4x108 W cm™ 1

nanoplate 400 nm




FAPbBr; micro- | 100 fs, 1 kHz, Lasing: 10-70 uJ cm™ | 1-7x10% W cm™ 38
disk
P2F8/N2FS8 thin | Lasing: CW, Lasing: 45 W cm? | 6
film 488 nm
ASE: 3ns, 337 | ASE: 16.7 uJ cm™ ASE: 5.6 x10° W
nm, 20 Hz cm™
MAPDbBT13 17 ns, 355 nm Lasing: 4.5 mJ cm™ Lasing: 2.6x10°W | ¢
ASE: 10 mJ em? cm™
ASE: 5.9x10° W
cm™
MAPbBr; 3.5ns, 337 nm, | Lasing: 60 uJ cm™ Lasing: 1.7 x10* W |
20 Hz ASE: 400 uJ cm™ cm™
ASE: 1.1 x10° W
cm™
FAPbBr3 3.5ns,337 nm, | Lasing:22.6uJcm™? | Lasing: 6.4 x10° W | This
20 Hz ASE: 46 uJ cm™ cm’ work
ASE: 1.3 x10*W
cm™

Table 3 A list of perovskite laser results.

4.3 ASE and lasing performance

For ASE and lasing measurement, a 3.5 ns pulsed laser (337 nm, 20 Hz repetition rate) was
used as the pumping source. All measurements were done at room temperature with an ambient
environment (around 22 °C, 60% humidity).

FAPbBr3 shows an ultralow ASE threshold around 46 uJ cm, which is about an order of
magnitude lower compared with MAPbBTr3 in our previous work.®® The ultralow ASE threshold
proves the material to be excellent gain media for lasing applications. Figure 22(a) and (b) show
the ASE’s FWHM, output intensity and evolution of the ASE spectrum versus pump fluence. At
low excitation, the spectrum shows a FWHM around 20 nm at 546 nm. At fluence above 46 pJ
cm2, the FWHM drops to 2.8 nm and a sharp peak at 555 nm emerged, both indicating the onset

of ASE.



A lasing threshold of 22.6 uJ cm™ was achieved on the gratings with a period of 154 nm.
The results presented in Figure 22(c) and (d) clearly indicate lasing of the perovskite laser. The
emission spectrum shows a sharp peak with a FWHM of 0.6 nm once the pump fluence reaches
the threshold. It is noted that the FWHM gradually increased with pump fluence. This is because
the above lasing threshold linewidth is limited by and originates from coupled spontaneous
emission noise.%® In our case, the ASE threshold was very close to the lasing threshold and thus
aggravated the effect.?® Our pumping area is larger than the grating area, so some perovskites
without gratings will also be excited and generate PL/ASE.

Interestingly, lasing cannot be observed from any second-order DFBs or photonic crystals
on the same substrates. We would attribute this to the high outcoupling “loss” from these
vertically outcoupling cavities, as well as the uneven surface with higher scatting loss. In low
pumping regime, the outcoupled light is a loss to the cavity, overwhelming the optical gain and
thus suppressing population inversion. In high pumping regime, the ASE dominates, and its

spectrum overlaps with the lasing signal.®
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Figure 22 FAPbBr3 laser’s ASE and lasing performance. (a) FWHM and ASE intensity as a function of pump fluence. (b)
Evolution of the ASE emission spectrum versus increasing pump fluence. (¢) FWHM and laser output intensity as a function of
pump fluence. (d) Evolution of lasing emission spectra under different pump fluences.

4.4 Polymer passivation

Using polymer additives is a common technique to passivate perovskites and thus improve
perovskites’ performance.”?54” Here we used 18-crown-6 (crown) to passivate the perovskites
and the results showed that this polymer can reduce ASE/lasing threshold and the crystal grain
size.

In Figure 23(a), two devices with and without crown are compared. These two devices
have exactly the same DFB designs and were deposited with perovskites together in the same

fabrication round, to avoid any fabrication variance. Compared with the device without crown,



the device with crown showed lower ASE (about 16% decrease) and lasing (about 15%, 29%,
26% and 26% decrease for 156 nm, 158 nm, another 158 nm and 160 nm gratings respectively)
threshold.

To show the statistical significance of the crown passivation, a set of nominally identical
devices was measured and the results are shown in Figure 23(b). Since the lasing thresholds for
different grating periods are almost the same, they are all collected and shown here. The average
ASE thresholds for devices without and with crown are 64.3 and 53.4 uJ cm™. The average

lasing thresholds for devices without and with crown are 42.5 and 37.7 uJ cm™.
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Figure 23 Statistic on polymer doping. (a) Comparison of ASE/lasing threshold between two samples with or without crown
fabricated in the same round. (b) Statistics on ASE/lasing thresholds of a number of devices with or without crown. The average
ASE thresholds for devices without and with crown are 64.3 and 53.4 uJ cm™. The average lasing thresholds for devices without
and with crown are 42.5 and 37.7 pJ cm™,

With the addition of crown, the (100) orientation crystals have an increased ratio compared
to (200), and the average crystal grain size is reduced. As XRD results shown in Figure 24, the
chemical composition doesn’t change with the addition of crown, but the crystal orientation and

average crystal grain size are influenced. According to Scherrer equation:

KA

,8%(29) - Lcos@



Where P12 is the FHWM of the peaks, 6 is the peak position in degrees, K is a
dimensionless shape factor, A is the wavelength of radiation and L is the average crystal grain
size. The calculated crystal grain sizes corresponding to each peak are listed in Table 4. A clear
reduction in crystal grain size, especially in (100) orientation, is observed.

The reduction in grain size is also verified by SEM images shown in Figure 24(c) and (d).
Both images are taken with a 50,000 magnification. The sample with crown shows much smaller

crystal grains.
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Figure 24 XRD and SEM results of FAPbBr3 samples before and after crown treatment. (a) and (b) are XRD results of the
samples. After adding crown, the ratio of (100) crystal orientation increased and (200) decreased. (c) and (d) are SEM images of
the sample without and with crown respectively. The sample with crown showed a smaller average grain size.



20 (degree) Average crystal grain size of | Average crystal grain size of
FAPbBr3 without crown (A) | FAPbBrs without crown (A)

14 764.4 358.9

21 578.1 545.8

30 648.0 546.5

33 478.5 502.0

Table 4 The average crystal grain size of FAPbBr3; before and after adding crown.

It is interesting to note that, the crown passivated devices showed a lower PL intensity and
shorter PL lifetime. As is shown in Figure 25(a), the PL spectrum was measured under a 405 nm
CW laser with a pump intensity of 420 mW/cm?. The FAPbBr; film without crown showed a
much higher peak at 545 nm, and TRPL result also showed it had a longer PL decay time (Table
5). The film with crown showed a clear biexponential decay with a fast decay term and slow
decay term. The fast decay term is similar to previous results with MAPbBr; ®°. We also
measured devices without PMMA encapsulation, as shown in Table 5. The addition of crown
could extend the PL decay time by passivating the surface and reducing material degradation in
the air.2637

Counter-intuitively, samples with crown have a lower PL intensity, indicating a lower gain,
at low pump fluence. However, they have a higher gain, thus a lower ASE/lasing threshold, at
high pump fluence. This may seem a little contradictory when we compare the PL and ASE
performance. The ASE threshold is determined by the injection carrier density when the
waveguide gain exceeds the loss.%” Consider carrier rate equation:

dn(t
— d(t) = —G + kyn + kon* + kyn®

and the carrier lifetime:

1
Tearrier =
AT kg + kyn + kgn?




Where n is the charge carrier density, t is the time, ki is the monomolecular recombination
rate (a trap-assisted Shockley-Read-Hall recombination), k2 is the bimolecular recombination
rate and ks is the Auger recombination rate, T 4rier IS the carrier lifetime.

PL intensity and PL lifetime are greatly influenced by trap density, or say the ki term.
FAPDBr3 with crown has a higher ki term compared to FAPbBr3 without crown. The lower ASE
threshold is attributed to the higher ko term. This result is consistent with observations in MAPbI3
film, where k; increased from 1x107° cm3s? to 2x10° cm3s! after the grain size reduced from
170 nm to 20 nm.%® The phenomenon could be explained by higher electron-hole pairs
encountering possibility in the smaller gain area because the grain boundary restricts the
diffusion of the charged carriers, leading to a higher k2. The slightly higher ki can be understood
by the increased defects on the grain boundary. To achieve a lower ASE/lasing threshold, a
higher kz term and lower k1, ks terms are favorable. ki term doesn’t really influence the
ASE/lasing behavior because ASE/lasing in 3D perovskites are mainly determined by free
carriers in high pumping region where all traps are filled.*

From the carrier rate equation side, it’s also easy to understand the lower ASE/lasing
threshold behavior of FAPbBrs compared to MAPbBrs. FAPbBr3 has a much higher k2 term and

a lower ks term, as is shown in Table 6.
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Figure 25 PL spectrum and PL lifetime of perovskites(a) PL spectrum for perovskite films without and with crown. (b) TRPL
measurement for perovskite films without and with crown. The film with crown showed clear fast decay and slow decay terms.

With PMMA encapsulation Without PMMA
encapsulation
Without crown 11 =263.9ns, 12=16.4 ns 11=99ns, 12=9.9ns
With crown T1=192.7ns, t12=14.5ns T1=122.7ns,t2=5.3ns

Table 5 PL lifetime for films with/without PMMA and crown. With PMMA encapsulation, the sample with crown showed a
faster PL decay compared to the sample without crown. When both samples were not encapsulated, the sample with crown shows
a longer PL decay time due to better stability.

Ki(s1) k2 (cm’s™) K;(cmSsT) references
FAPbBr3 2.1x107 1.1x107 1.5x102* o8
MAPDbLBI3 2.7x107 4.9x1071° 1.4x107?7 69

Table 6 Recombination coefficients of FAPbBrs; and MAPbBrs.

4.5 Conclusion
In conclusion, we report an ultra-low lasing threshold quasi-CW pumped FAPbbrs laser at
room temperature. The laser was fabricated with simple spin-coating and achieved orders of

magnitude lower ASE/lasing threshold than recent MAPDBT; first-order DFB lasers.54¢° With




polymer additives, the performance of the material can be further improved, and we attribute the
improvement to reduced grain size. The results could provide a better view of perovskite lasers

working dynamics.



Chapter 5. Perovskite patterning

Adapted with permission from:
Zou, C., Chang, C., Sun, D., Bohringer, K.F. and Lin, L.Y. Photolithographic Patterning of
Perovskite Thin Films for Multicolor Display Applications. Nano Letters, 20(5), pp.3710-3717.

Copyright 2020 American Chemical Society

5.1 Abstract

Metal halide perovskites have emerged as attractive materials for light-emitting devices.
Their external quantum efficiency (EQE) has made rapid progress and is comparable to state-of-
the-art organic and quantum dot LEDs. The simple solution-processing preparation, facile
bandgap tunability, and narrow emission linewidth of metal halide perovskites present an
appealing opportunity to exploit their superior optoelectronic properties for multi-color display
applications. Unfortunately, the fragile chemical and physical nature of perovskites has posed
limitations on their further development, primarily due to challenges in fabrication. In this work,
we developed a high-resolution, large-scale photolithographic method to pattern multicolor
perovskite films. This approach utilizes a dry lift-off process, employing parylene as an
intermediary layer that can be easily mechanically peeled off from various substrates. By
applying this method, we successfully fabricated red and green perovskite pixels on a single
substrate, which could be further integrated into 3-color displays, making color converters with a

blue backlight.



5.2 Introduction

In recent decades, there has been a growing interest in patterning techniques for solution-
processed luminescent materials. These techniques have garnered significant attention due to
their wide range of potential applications in full-color displays, image sensors, and lasers.”®"
The widespread adoption of high-resolution lithographic patterning methods, such as
photolithography and electron-beam lithography, has played a significant role in advancing
organic and quantum dot (QD) optoelectronics. These methods have facilitated the
commercialization of various micro- and nano-scale devices, including televisions (TVs),
cameras, and thin-film transistors (TFTs), based on organic and QD technologies.’*""

Significant progress has been made in the field of perovskite-based materials, particularly
in solar cells and light-emitting devices. However, the focus of these studies has predominantly
been on synthesis, photo-physics, and device engineering. Unfortunately, the application of
photolithographic and E-beam lithographic patterning techniques to perovskite devices is still
quite limited. This limitation arises from the incompatibility of perovskite materials with most
solvents used in these processes, as they can cause dissolution or damage to the perovskite
layers.” Furthermore, the range of perovskite materials that can be successfully patterned using
existing techniques is often limited. Consequently, this restricts the full potential of perovskite
LEDs for display applications,” and the demonstration of lithographically patterned perovskite
micro-LED arrays remains elusive.

In this study, we present a novel and versatile approach to pattern perovskite materials
using photolithography at a micrometer resolution. This technique utilizes a dry lift-off process,
eliminating the direct contact of solvents that can cause perovskite dissolution issues in common

polar solvents. Throughout the fabrication process, the excellent optoelectronic properties of



perovskite materials are preserved. Using this method, we successfully fabricate single-color
perovskite patterns in red, green, and blue (RGB) with a minimum resolution of 4 um.
Furthermore, we demonstrate the simultaneous fabrication of multicolor perovskite patterns
emitting green and red light on a single substrate. With commercial blue backlight substrate
(GaN), full-color displays can be achieved. Importantly, we achieve a significant milestone by
successfully realizing perovskite micro-LED displays using this innovative patterning technique,

which, to the best of our knowledge, has not been previously demonstrated.

5.3 Patterning fabrication process

Here, we report a new method utilizing parylene-C and a dry lift-off process . This
method demonstrates compatibility not only with perovskite materials but also with quantum
dots, 2D materials, quasi-2D materials, and 3D perovskites, as shown in Figure 27(d). During the
fabrication process, the perovskite materials are effectively isolated from the solvent, ensuring
that their properties and performance remain unaffected. After the first perovskite layer is
patterned, parylene can be deposited on top of it as a protection layer. Then, by repeating the
process, different perovskite materials can be patterned on the same substrate. To showcase the
effectiveness of our approach, we successfully patterned a dual-color perovskite pixel array. This
demonstrates the utility and versatility of our method in creating intricate patterns with different
colors in perovskite materials. Furthermore, our approach can be extended to the fabrication of
perovskite micro-LED arrays, offering potential applications in high-resolution displays and

optoelectronic devices.
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Figure 26 The fabrication process of the proposed method to achieve high-resolution patterning of perovskites. The process
utilizes patterning parylene-C which is lifted off later to achieve perovskite patterns, avoiding any solvents contacting the
perovskite layer.

The fabrication process of the proposed method is shown in Figure 26. A layer of 3 um
parylene-C is first deposited on the substrate by chemical vapor deposition (CVD). A glass
substrate is used as an example in our proof-of-concept demonstration. But this method is also
compatible with other substrates. In later works, we used GaN wafers to get blue backlight.
Photolithography is used to pattern the parylene-C. Negative photoresist is used for the
illustration as shown in Step 2-4. Afterward, the parylene-C layer is etched through to the glass
substrate. A thin layer (30 nm) of perovskite is spun cast on the surface. Since parylene-C is
hydrophobic with high structural integrity and strength, it’s easy to peel off the entire layer
through mechanical means, as illustrated in Step 7. During this lift-off process, the perovskite
layer does not come into contact with any chemicals or solvents, so its electrical and optical
properties will be well preserved. Using this approach, we could pattern large-scale and
multicolor perovskite films on various substrates with a minimum resolution of 4 um (step 8

shows the circle patterns of the perovskites).



To guarantee a good fabrication result with parylene lift-off, a series of steps need to be
carefully handled:
(1) The thickness of the parylene layer involves a trade-off in the fabrication process.
Thicker parylene layers facilitate easier lift-off but may result in lower pattern resolution
due to undercutting or overcutting during etching (as shown in Figure 27(a)). An effective
approach to improving pattern resolution is to utilize a metal mask instead of a resist mask.
(2) A ring can be seen in perovskite patterns, which is resulted from the spin coating.
During spin coating, perovskites are spun cast on the sidewall of parylene, forming a
thicker edge after lift-off (Figure 27(a)). By evaporation, perovskite patterns will have a
much smoother profile (Figure 27(d)).
(3) Lift-off using parylene can be challenging (Figure 27(b)-(c)). The success of the
process relies on achieving a smooth surface on the underlying substrate. Applying a spin
coating of micro-90, which is a cleaning detergent for parylene, can reduce adhesion and
facilitate the lift-off process.

(4) Parylene becomes hardened and challenging to peel off above 150 °C. It is crucial to

use lower temperatures during perovskite annealing, resist annealing, and metal

evaporation to prevent adverse effects on the parylene layer.
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Figure 27 Perovskite patterning. (a) Common fabrication issues with parylene. (b) and (c) lifting off parylene with a tweezer. The
patterned pixel (perovskites with silver) can be seen. (d) Different types of perovskites’ patterning results. The major difference is
that quasi-2d and QD perovskites have a ring-like edge. The vacuum-deposited perovskites show a much smoother and more
uniform profile. This is because both quasi-2d and QD are deposited by spin coating, the centripetal force makes perovskites
accumulate at the edge.

5.4 Results and discussion

5.4.1 Single-color patterns

Figure 28 presents optical images of RGB-emitting perovskite films under UV excitation,
showcasing their strong photoluminescence (PL). Blue, green and red perovskite circles (50 um
diameter) are shown in Figure 28(a)-(c). In addition, the University of Washington logos
emitting blue, green and red lights are displayed in Figure 28(d)-(f). The blue and green
perovskite patterns exhibit strong luminescence with high color contrast. However, the red

perovskite pattern shows relatively lower contrast due to the environmental instability of red



perovskites. Figure 28(g) shows blue, green and red perovskite emission spectra. The peak
wavelength is 482, 523 and 670 nm for blue, green and red-emission perovskite thin films,
respectively. The green perovskite films show the narrowest linewidth of ~17 nm while the

linewidth is ~28 and ~38 nm for blue and red perovskite films, respectively.
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Figure 28 Single-color perovskite patterns. (a)-(c) Blue, green and red perovskite circles (50 pm diameter). (d)-(f) University of
Washington logos, scale bar 200 um. (g) PL spectra of blue, green and red perovskite films.

5.4.2 Multi-color patterns

To achieve commercial RGB displays, a common approach is to fabricate green and red
pixels together on a single substrate with blue backlights underneath, which is widely used in
LCD applications.”” The green and red-emitting pixels can absorb blue light and convert it into

green and red light, enabling the realization of true RGB displays. In this study, we utilize



standard photolithography combined with the demonstrated dry lift-off process twice to
sequentially pattern green and red perovskite on the same glass substrate. Figure 29(a)
schematically illustrates the fabrication procedures. Parylene and photoresist are sequentially
deposited onto the substrate with pre-fabricated green perovskite patterns. Figure 29(b) displays
the uniform array of alternative green and red perovskite circles, each circle has a diameter of
~50 um. The magnified fluorescent image is shown in Figure 29(c), the second photolithography
and lift-off processes didn’t affect the pre-fabricated green perovskite patterns due to the
excellent sealing of parylene films. The perovskite films covered by parylene can even survive in
acetone solution for several days. We also measured the overall PL spectrum contributed by both
green and red perovskite circles at the same time (Figure 29(d)). The overall PL from multicolor
patterns shows two emission peaks located separately at the green and red wavelength regions.
The peak PL intensity of green perovskite patterns is about 2.5-fold as high as that of red ones.
This difference can be easily understood considering the relatively poor PLQY and stability of
red-emission perovskites which include more iodine halides. Figure 29(e) shows the PL spectra
of green perovskite patterns before and after the second patterning process. There is only a slight
drop in PL intensity observed after the second patterning process which includes many steps
such as resist deposition, UV exposure, development, RIE and lift-off. This indicates our
approach preserves the properties of pre-fabricated perovskite patterns and multiple patterning

processes are feasible.
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Figure 29 Multi-color perovskite patterning. (a) The schematic fabrication procedures of multi-color perovskite patterns. (b)

Fluorescent microscope image of green and red perovskite circles with a diameter of 50 um. (c) Higher magnification fluorescent
image of the dual-color patterns. (d) Overall PL spectrum of the dual-color perovskite patterns. (e) PL spectra comparison of
green perovskite patterns before and after the second patterning process.

5.4.3 Perovskite color converters

Based on the patterning techniques for perovskite materials, it is possible to develop
perovskite color converters. These converters are commonly used to enhance the color quality
and efficiency of light-emitting diodes. LED devices often have limitations in color quality as
they emit light within a narrow range of wavelengths or colors. By integrating perovskite layers
into a blue GaN LED wafer (Figure 30(a)), it becomes feasible to modify the emitted light's
color. The perovskite material absorbs a portion of the original light and re-emits it at a different

wavelength, resulting in a broader spectrum of colors. This process, known as down-conversion,

shifts the light to longer wavelengths.



Perovskite color converters offer several advantages, including tunability, high color
purity, and potentially high conversion efficiencies. Perovskite materials can be precisely
engineered to possess specific absorption and emission characteristics, enabling precise control
over the resulting color output. Additionally, as a passive layer, the perovskite converter's
lifetime can be significantly improved compared to perovskite LEDs. The degradation pathways
that affect perovskite LEDs, such as ion migration under electrical fields and Joule heating, do
not influence perovskite converting layers.

The device structure is depicted in Figure 30(a). The GaN LED wafer is purchased from
UniversityWafer and then processed in WNF. The emitting wavelength for these LEDs is around
450 nm. We used our green PQDs as the conversion layer since (1) our PQDs have the highest
PLQY compared with 3D and quasi-2D perovskites. (2) PQDs are intrinsically encapsulated by
organic ligands and thus to be super stable in the air.

The working device is shown in Figure 30(c), where a greenish pixel is visible within the
blue LED. Figure 30(d)&(e) shows the perovskite patterns in bright field (backlight off) and dark
field (backlight on), respectively, with a distinct green pattern observable. It should be noted that
the edges of the patterns appear brighter due to variations in film thickness.

In solution (Figure 6(c)), PQDs exhibit a PLQY of over 99.6%, which can be regarded as
close to unity. However, when spin-coated as films, the PLQY of PQDs decreases due to film
defects and scattering losses. An energy distribution diagram for the perovskite color converter
device is shown in Figure 30(b). The absorption of perovskite conversion layer is determined by:

A=1y(1—e" %)
Where A is absorption, I, is the excitation, a is absorption coefficient and d is the film thickness.

Our device has overall 49.9% PLQY and 11.7% conversion efficiency.
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Figure 30 Perovskite color converter. (a) Perovskite color converter with GaN LED as backlight. (b) Energy distribution diagram
for the perovskite color converter. (c) A working perovskite color converter device. (d)&(e) Perovskite patterns in bright field
(backlight off) and dark field (backlight on).

The idea of increasing conversion efficiency by increasing the thickness of the perovskite
film seems intuitive. According to calculations, a few-hundred nanometer film should efficiently
absorb around 99% of the blue excitation light. However, we encountered limitations due to the
low concentration of our PQD solution. When drop-casting, the resulting PQD film thickness
was only around 10 nm, significantly thinner than expected. We attempted multiple drop-casting
steps to form thicker films, but the total conversion efficiency did not improve.

Figure 31 (a) presents the PLQY, absorption, and conversion efficiency values for films
produced through 1-5 drop-casting steps. It is evident that as the number of drop casts increases,
there is a clear rise in absorption and a decrease in PLQY. The decline in PLQY can be attributed
to the formation of a rough and uneven surface after multiple drop casts, which is apparent in

Figure 31 (b)&(c).
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Figure 31 Multi drop cast perovskite films. (a) The PLQY, absorption, and conversion efficiency values for films produced
through 1-5 drop-casting steps. (b)&(c) Perovskite films produced through 1-5 drop-casting steps under light and UV light.

5.4.4 Perovskite micro-LEDs

Micro-LED utilizes tiny light-emitting diodes as individual pixels to create a display panel.
These LEDs are typically smaller in size compared to traditional LEDs, often ranging from 10 to
100 micrometers in length, hence the term "micro-LED." Micro-LED displays are being actively
researched and developed for various applications, including consumer electronics, signage,
automotive displays, and wearable devices.

Here, we combined the novel dry lift-off process involving traditional photolithography to
build a perovskite micro-LED array.& During the process, the perovskite layer is not exposed to
any solvents for photolithography, therefore the process is compatible with all kinds of

perovskite materials. Each pixel in the array is controlled individually by a cross-link electrode



matrix. With further optimization and integration, an all-color perovskite micro-LED display
with high resolution can be achieved.

The fabrication workflow of the perovskite LED array is shown in Figure 32. First, a layer
of indium tin oxide (ITO) is deposited on the substrate in a desired pattern as bottom electrodes.
Due to the fact that perovskites dissolve in most polar solvents including photolithographic
developers, an intermediary layer of parylene-C is used to pattern and protect the perovskites.
This intermediary layer is first etched with patterns by photolithography (Figure 32(b)). Then,
hole transporting layer (HTL)/perovskite layer/electron transporting layer (ETL) are deposited on
top of the intermediary layer in sequence (Figure 32(c)). After that, the intermediary layer is
lifted off mechanically, leaving the patterned perovskite LED pixels on the bottom electrodes as
shown in Figure 32(d). Since perovskite LED pixels are still vulnerable during the fabrication,
another intermediary layer is used to cover the perovskites and then patterned as shown in Figure
32(e). The top electrodes are deposited and patterned through the same process as described
above. With careful alignment, the top and bottom electrodes can cross-link all the perovskite
LED pixels and form a display array with individually addressable pixels (Figure 32(f)).

(a) (b) (c)

_ Glass substrates
____________
___________________
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- -

- Bottom electrodes

/ [0 Intermediary layer

Perovskite pixels

= (ETL/perovskite/HTL)

Top electrodes

Figure 32. Fabrication process of the perovskite LED array. (a) Deposit patterned bottom electrodes on the substrate. (b) Pattern
an intermediary layer of parylene-C on top of the electrode. (c) Spin-coat emission layers (HTL/perovskites/ETL) on the
intermediary layer. (d) Lift off the intermediary layer and patterned pixels are formed. (e) Deposit and pattern another
intermediary layer for the top electrode patterns. (f) Deposit the top electrode and lift off the intermediary layer.



The whole device (in Figure 33(a)) is fabricated on a 15 mm x 15 mm glass substrate.
There are 100 pixels controlled by 10 top electrodes (in column) and 10 bottom electrodes (in
row) individually. The top and bottom electrodes are 200 um in width, which define the working
pixels each with an area of 200 umx200 um, as shown in Figure 33(b). Figure 33(c) shows a
single perovskite LED pixel turned on by applying the 8th top electrode column and 10th bottom
electrode row with bias. By sweeping the on/off state of each electrode with a desired frequency,
all the pixels can be turned on and off in certain sequence. An external circuit can be
incorporated to selectively address multiple pixels simultaneously. By repeating the dry lift-off
lithography process in Figure 32(c) and (d), different perovskite materials emitting different

colors can be integrated, forming a full-color display.

silver

Figure 33. Perovskite micro-LEDs. (a) Fabricated device. The red square indicates the area for a single pixel. (b) A single pixel
under microscope. The red and blue dash lines indicate the bottom and top electrodes. The dashed orange area is a perovskites
pixel. (c) A single pixel working under an applied bias.

5.5 Conclusion

In conclusion, our study presents a dry lift-off fabrication method that enables precise
patterning of perovskite materials. This method allows for high-resolution and multi-color
perovskite patterns to be achieved. Importantly, the excellent quality of the perovskite materials

is preserved throughout the fabrication process. With further optimization, the method holds



potential for improving fabrication outcomes. Additionally, beyond simple patterns, more
complex devices such as micro-LED arrays and photodetectors can be feasibly fabricated using a

this process and will be demonstrated in following chapters.



Chapter 6. Conclusion and prospects

6.1 Summary

Metal halide perovskites have gained significant attention due to their exceptional
optoelectronic properties, making them promising candidates for various applications including
solar cells, LEDs, and lasers. In this dissertation, my focus is specifically on the lasing
applications of perovskites. These materials exhibit high PLQY, efficient charge transport,
tunable emission wavelengths, narrow emission linewidth, and low fabrication cost, making
them highly attractive for solution-processed lasers.

The progress in perovskite light-emitting diodes (PeLEDs) has been remarkable over the
past decade. Numerous research groups have achieved significant improvements in the external
quantum efficiency (EQE) of PeLEDs, with values increasing from as low as 0.1% to over 28%.
This remarkable enhancement in EQE demonstrates the potential of perovskite materials for
high-performance light-emitting devices. Moreover, the near-unity photoluminescence quantum
yield (PLQY) of perovskite materials opens up possibilities for integrating perovskite color
converters into traditional LEDs. By incorporating perovskite color converters, the color quality
and efficiency of LEDs can be significantly improved, leading to the fabrication of high-
performance displays. This approach allows for precise control over the emitted colors and
enables the production of vibrant and accurate displays. Furthermore, the development of
perovskite lasers has generated excitement and hope for the realization of electrically pumped
laser diodes based on perovskite materials. The unique properties of perovskites, such as their
high PLQY and excellent charge transport, make them promising candidates for electrically
driven lasers. The progress in perovskite laser research brings the potential for compact and

efficient electrically pumped lasers, which could have significant implications in various



applications, including optical communication, sensing, and display technologies. All these
achievements emphasize the potential of perovskites as a reliable platform for efficient and
scalable light-emitting devices.

Chapter 1 and Chapter 2 provided a comprehensive overview of perovskite materials for
lasing applications. We talked about their chemical properties, optoelectronic properties,
applications and synthesis methods, which are fundamental to my research.

In Chapter 3 and Chapter 4, we focused on the development of optically pumped
perovskite lasers. We conducted a comprehensive investigation into the design, fabrication, and
optimization of 1st-order distributed feedback (DFB) lasers using two different perovskite
materials: MAPDbBrs and FAPbBr3. For MAPDBI3, the lasing threshold was measured to be 60
pJ cm? under nanosecond pumping, while for FAPbBr3, it was even lower at 22 puJ cm.
Notably, the threshold for amplified spontaneous emission (ASE) in FAPbBr3z was one order of
magnitude lower than that of MAPbBTrs. To further enhance the performance and stability of the
lasers, we explored various methods and discussed their results in detail. Firstly, we found that
the use of 1%-order DFB lasers resulted in a 60% reduction in lasing threshold compared to 2"-
order DFB lasers, indicating the effectiveness of the design approach. Additionally, we
investigated the impact of anti-solvent treatments on film quality and laser performance.
Through the application of thin PMMA layer encapsulation, we observed significant
improvements in laser performance and stability. Furthermore, the introduction of polymer
additives showed promising results in enhancing the performance of the perovskite material.
This improvement was attributed to the reduction in grain size, which positively influenced the
overall laser performance. Our findings not only provide valuable insights into the working

dynamics of perovskite lasers but also offer potential strategies for reducing lasing thresholds



and improving device stability. These advancements in optically pumped perovskite lasers hold
great significance for the development of efficient and reliable light sources for various
applications in the field of photonics and beyond.

In Chapter 5, we have successfully developed a high-resolution dry lift-off
photolithographic method for patterning perovskite films, specifically targeting their application
in displays. Metal halide perovskites offer a compelling opportunity for multi-color display
applications due to their simple solution-processing preparation, facile bandgap tunability, and
narrow emission linewidth. However, the fragility of perovskite materials has hindered their
progress, particularly in terms of fabrication techniques. To address this challenge, we have
developed a dry lift-off process that incorporates an intermediary layer of parylene. This
parylene layer acts as a protective barrier and can be easily mechanically peeled off from various
substrates. By implementing our method, we have successfully manufactured red and green
perovskite pixels on a single substrate. These pixels can be further integrated into three-color

displays, allowing them to function as color converters when combined with a blue backlight.

6.2 Future work outlook

As an emerging candidate in the field of solution-processed emitters, perovskites have
demonstrated remarkable optoelectronic properties that surpass those of previous leading
contenders such as organic semiconductors and colloidal nanocrystals. The ongoing development
of perovskite light-emitting devices holds significant interest and importance for the
advancement of next-generation display and laser applications.

The next major step for perovskite light-emitting devices is the commercialization of

PeLEDs and the realization of perovskite laser diodes. However, both of these goals require



improvements in the stability of perovskites under current injection. Ensuring long-term device
performance and reliability is crucial for their practical implementation.

While optically pumped perovskite lasers and LEDs have seen significant development,
electrically pumped perovskite lasers remain a long-standing challenge in laser research.
However, the successful demonstration of organic polymer lasers has provided a possible
direction for achieving electrically pumped perovskite lasers. Recent advancements have shown
that the lasing threshold of pulsed optically pumped perovskite lasers can reach as low as 0.2 puJ
cm, and room-temperature continuous-wave lasing has been realized, indicating the great
promise of perovskites in the field of lasers.

To achieve perovskite lasers with LED structures, several primary challenges need to be
addressed. First, it is necessary to incorporate perovskites into a high-quality optical feedback
structure with high gain to enable lasing. Second, the injection of high current density is required
to reach the lasing thresholds, which poses challenges in terms of charge transport and device
design. Third, effective strategies must be developed to mitigate Joule heating under high current
injection and reduce material degradation, ensuring long-term device stability. Finally, efforts
should be made to reduce photon guenching induced by metal electrodes and the electric field to
enhance the overall device performance.

By addressing these challenges and advancing the understanding of perovskite materials
and devices, we can pave the way for the commercialization of perovskite light-emitting devices
and the realization of electrically pumped perovskite lasers. These advancements have the
potential to revolutionize the field of optoelectronics and open up new possibilities for next-

generation display and laser technologies.
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