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Preface

Due to the increasing attention and appeal of Halide Perovskites as the next-
generation solar cell and light-emitting sources, the compilation of content in this
book is designed to cater for beginner post-graduate students and/or post-doctorates
intending to work on the field of Halide Perovskite lasers. Therefore, the objective
of this book is to serve as an introductory level reference book covering a wide range
of crucial concepts from the spectroscopic characterisation of laser emissions to the
properties and experimental results of Halide Perovskite materials for lasing studies.
We strongly believe that with the availability and accessibility of this reference book,
researchers in this field can easily and quickly “come up to speed” with the updates
in this community. In order to maximise the effectiveness of this book, readers
are expected to have background knowledge of ray-optics, wave-optics, quantum
mechanics and integral calculus. It is important to acknowledge that basic calculus
is a fundamental foundation behind the theoretical framework of laser physics and
thus, is necessary in order to translate from mathematical to physical and intuitive
understanding of the arguments involved. By further considering that researchers
(such as chemists and material scientists) intending to enter this field may not be
well-equipped with elementary laser physics (which is extremely crucial for a well-
rounded understanding of this field), the introduction sections presented in Chap. 1
especially are written in a comprehensive yet concise manner. The intended outcome
is to provide the readers with necessary exposure to both the technical jargons and
underlying science behind laser characterisations. Certainly, readers who wish to
expand on the knowledge of lasers are encouraged to look up on well-established
reference books found in the bibliography.

In this book, the contents are arranged such that Chap. 1 covers the fundamen-
tals and various ways to characterise laser emissions. Chapter 2 aims to introduce
the Perovskite semiconducting materials and its basic morphologies and proper-
ties. Chapter 3 outlines the photo-physics of the underlying mechanisms leading
to observations of optical gain in Perovskites. Specifically, we distinguish between
free-carrier and exciton carrier dynamics in different tri-halide systems. Finally, in
Chap. 4, we showcase both the research milestones and the current state-of-the-art
system records achieved up till year 2019. For a clearer view of the feats achieved,
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we shall present them based on its material morphology as they hold key to the
type of lasing observed. Primarily, we are concerned with physical scaling bulk
single-crystals to the nanocrystalline morphologies and its viability as lasing gain
materials. Furthermore, we will also dedicate a small discussion on a closely related
phenomenon to photon lasing, called polariton lasing. Lastly, we share some perspec-
tives on the direction of this research field by analysing the remaining challenges
to be tackled, with the ultimate goal of realising low cost and performance stable
electrically driven Perovskite lasers.

Singapore, Singapore Yong Kang Eugene Tay
Singapore, Singapore Huajun He
Singapore, Singapore Xiangling Tian
Hung Hom, Hong Kong Mingjie Li

Singapore, Singapore Tze Chien Sum
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Chapter 1 ®)
Introduction: Fundamentals of Lasers Geda

1.1 Whatis a Laser?

The term LASER is an acronym for Light Amplification by Stimulated Emission
of Radiation [1]. In today’s world, the Laser is a convenient handheld device that
produces coherent light and has found widespread industrial and scientific appli-
cations. For instance, infrared lasers are implemented in barcode scanners [2], in
thermometers for concreting [3] and in laser levels for site survey [4]. Other applica-
tions include dentistry [5], ophthalmology [6], optical communications [7], industrial
sensory [8] and data storage applications [9]. The first working laser was the red-
emitting (694.3 nm) ruby laser constructed by Theodore Maiman on 16th May 1960
[10], as shown in Fig. 1.1.

This success spurred the expansion of alternative gain materials, such as the well-
known Nd: YAG (solid state), Rhodamine6G (dye) and He—Ne (gas) lasers, all oper-
ating in the visible spectrum [12]. The construction of a laser requires three compo-
nents: a gain medium, a pump source and an external resonator or cavity enclosing
the gain medium, which will be discussed later. Section 1.2 explores the role of a gain
medium, by considering the interplay between radiative processes under pumping
conditions. Next, Sect. 1.3 introduces the third component: optical feedback, where
we shall see that the provision of optical feedback from cavity couples to the pumped
gain medium effectively to produce laser output.

1.2 The Gain Medium

In this section, we consider the first component of a laser system: the gain medium.
Essentially, the gain medium is a material responsible for amplifying light through
stimulated emission with optical coherence properties. We begin Sect. 1.2.1 by
reviewing various radiative transitions occurring in an arbitrary two-level atomic
system. Section 1.2.2 discusses how stimulated emission under a condition called

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022 1
Y. K. E. Tay et al., Halide Perovskite Lasers, Nanoscience and Nanotechnology,
https://doi.org/10.1007/978-981-16-7973-5_1


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-7973-5_1&domain=pdf
https://doi.org/10.1007/978-981-16-7973-5_1

2 1 Introduction: Fundamentals of Lasers

High-intensity
da Reflective cylinder flash lamp Ruby rod

Power
supply

VAN

P R A . N
“',',.."‘L o~ a-a4

Trigger 100%-reflective 95%-reflective Laser
electrode mirror mirror beam

Switch

Fig. 1.1 The a schematic of an assembled ruby laser constructed in 1960 by Theodore Maiman
at Hughes research laboratories and b its three major components disassembled, showing a spiral-
shaped flash lamp acting as the pump source, a cylindrical holder with reflective interior for providing
optical feedback to the gain medium’s light output and a red ruby rod acting as the gain material

[11]

population inversion is a prerequisite for light amplification, which in turn is a
prerequisite for lasing. As we shall see, the ease of population inversion largely
depends on the material’s energy level landscape and determines the material’s gain
coefficient, which will be discussed in Sect. 1.2.3. Also, due to energy conservation
laws, we further account for inevitable gain saturation. Finally, Sect. 1.2.4 introduces
the concept of Amplified spontaneous Emission (ASE), which is a manifestation of
optically amplified light in the gain medium in the absence of optical feedback.

1.2.1 Radiative Transition Rates and Einstein’s Relations

The radiative processes occurring in a medium is best explained using a simplistic
two-level approach of an arbitrary atomic system in thermal equilibrium. To quan-
tify the magnitudes of these following radiative processes, we shall introduce the
Einstein’s coefficients [1]. Initially, as shown in Fig. 1.2a, all atoms in the system
occupies the ground state E, as the absence of a pump means no energy is supplied
to the system. Now, when the pump is turned on, conservation of energy dictates that
the atoms in ground state E to absorb the pump energy and transit to the excited state

a b
E By ) K
Spontaneous d
Absorpti N
orption Emission -\,'"."‘ur- Stimulated
B(J‘.l Al 0 i1 Emission
VW
c Y Bio

e B I B S 8 N

Fig. 1.2 a In the absence of pump, all carriers (Red spheres) reside in the lowest energy state Ej.
b Pump absorption with ¢ Spontaneous and d Stimulated emission processes
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E|, as shown by the upward E(y — E| transition arrow in Fig. 1.2b. Since absorption
can only occur through external stimulus inputs, it is also conceptually known as
stimulated absorption and is quantified by the coefficient By;. In laser action, we
are also concerned with a second kind of absorption known as re-absorption, which
will be discussed later in the Sect. 1.2.2. Soon after the stimulated absorption event
(typically several ns), excited atoms in state E| will relax back to its ground state E
either radiatively or non-radiatively (kinetic or internal decay). In the case of radia-
tive decay, the excited atom may relax either by (I) Spontaneous Emission or (II)
Stimulated Emission, as shown in Fig. 1.2¢, d, respectively. Although both down-
ward transition emit photons with energy hiw = E| — Ey, the two emission processes
differ in terms of the photon properties. Spontaneous emission is a naturally occur-
ring decay that emit photons with random wave phase and direction and is quantified
by the coefficient Ajy. On the other hand, stimulated emission requires an incident
propagating photon to induce the downward transition that produces another “copy”
photon with similar wave traits. Hence, stimulated emission is considered as the exact
opposite process to (stimulated) absorption and is quantified by the coefficient Bj.
Importantly, the onset of stimulated emission can be triggered when spontaneously
emitted photons act as seed propagating photons to induce and create more photons
with similar wave traits necessary for lasing action [1, 12].

Given that both stimulated absorption and emission are related, and that stimulated
emission depends on the contribution from spontaneous emission, we realise that By,
Ajp and By are mutually dependent, which is the basis of the two Einstein’s Relations.
The first Einstein’s relation states that stimulated absorption and emission are equal
and exact opposite processes, whose radiative coefficients are expressed as:

goBo1 = g1B1o (1.1)

where gp and g, are the degeneracy factors of energy states E( and E|, respectively.
For semiconductors with degenerate carrier states within the band structure, the first
Einstein’s relation can be written as gy Byc = gcBcvy, where g¢c and gy are the
conduction and valence band degeneracies where the stimulated emission occurred.
The second Einstein’s relation states that the two emission coefficients are dependent
despite their intrinsic differences in emitted photon properties, and is given by [1]:

A]Q 87'[/1\13
B_lo — c3 (12)

where, Bjg o« Ajo implies that a strong stimulated emission rate must be assisted by
a strongly-seeding spontaneous emission. It is important to note that the spontaneous
(A1p) and stimulated (B;;) coefficients have different units. For spontaneous emis-
sion, [A19] = s~! is quantified by probability per unit time while stimulated process
have units of [Bi j] = J'm3s™” due to the reliance of external energy stimuli. In
defining transition rates to be the probability of transition per unit time, we see that
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Ajg coefficient is exactly the spontaneous emission rate itself, but the stimulated
absorption Wy, and emission W) transition rates are generally defined as:

Wij = Bijpy (1.3)

where W;; depends on the input pump’s spectral energy density p, (with units of
Jm~3 s) and that W; ;i = Wj; by virtue of Eq. (1.1). In most spectroscopic studies
using steady-state photoluminescence (PL), the PL spectrum is associated with the
material’s spontaneous emission, with a typical fluorescence lifetime estimated as
TpL = AL[O‘ In Sect. 1.2.2, we shall consider the various energy level models that can
aid in promoting stimulated emission that is crucial for achieving light amplification.

1.2.2 Population Inversion in Two, Three and Four-Level
Systems

In laser operation, the role of the gain medium is to amplify light by the process of
stimulated emission. In other words, a stream of incident photons entering a gain
medium will exit with even more photons. As such, it is important for stimulated
emission contributions to exceed absorption losses and we shall consider two kinds of
absorption: (i) pump (stimulated) absorption and (ii) reabsorption of emitted photons.
For this reason, we turn to a rate equation approach in order to assess the condition
necessary to attain net optical gain.

Starting with a simple two-level system shown in Fig. 1.3a, since the system only
comprises of a ground E, and immediate excited state £, the stimulated absorption
and emission occur along the same transition, where W,,, = Wgg. If the rate of

increase in photon flux due to stimulated emission is given by (‘%) X NypW g
SE

while the decrease in photon flux due to absorption is given by (%) X Niow W aps
abs

then, the net rate of change of photon flux (i—‘f)w = (‘2—‘?) o (i—?)abs is explicitly

given by:

d 2L
(d—‘f> x ANt Wy (1.4)

net

where AN = N; — Ny is the population difference between the upper and lower
energy state for which the stimulated emission transition takes place. Since optical

gain corresponds to (fi—‘f) > 0, it means that AN > 0, where Ny > Ny. This
net

“abnormal” condition where the upper excited state occupancy is greater than its
lower state occupancy is known as population inversion. Unfortunately, popula-
tion inversion cannot occur in two-level systems because of two major reasons.
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Fig. 1.3 A comparison between a two-level, b three-level and ¢ four-level systems. Dotted lines
indicate quick non-radiative decay processes. Blue, red, and gray lines represent Stimulated
absorption (abs), emission (SE) and reabsorption (ra) transitions, respectively

Firstly, since the stimulated emission rate is exactly countered by its absorption
(Waps = Wsg), there is no net gain. Secondly, from a statistical mechanics view-
point, the Boltzmann factor governing the state occupancies under thermal equi-

_ _hv . .
librium conditions dictates that (%) = e X7, which forbids N; > Nj. In prac-

tice, another loss channel known as reabsorption should also be included, which
further inhibits the development of optical gain. A quintessential example is the
single exciton gain mechanism discussed in Chap. 3, where the exact compensation
between excitonic absorption and stimulated emission transitions hinders population
inversion of primary exciton carriers.

The minimum requirement is that the gain medium must have a three-level system
shown in Fig. 1.3b. Here, the solution for successful population inversion is due to
the presence of a longer-lived metastable state E that is used to not only accumulate
excited atoms till N, > N; is met, but also decouple the stimulated absorption and
emission transition lines. As such, the single Boltzmann factor limitation is nullified
because the absorption and stimulated emission transitions are different. Instead,
stimulated absorption occurs along E; — E; withrate W,;,; = W3, while stimulated
emission occurs along E, — E; withrate Wgg = W5 [13]. By assuming that E3 —
E, is a quick non-radiative thermalisation, we may approximate N3 ~ 0. As such,

we notice that the Boltzmann factors governing the pump absorption and stimulated
_E-E )

emission transitions are given by (%) — 0 and (%) = e 87 | respectively.

Along the stimulated emission transition line, we can write the net change in photon

flux density and population inversion terms as:
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dp\**  (d¢ g\ a1
(E>net - (E)SE - <E>ra B AN Wz] (15)

AN3L = N, — N, (1.6)

where (%) is required to exceed the reabsorption losses of (%) of emitted
s

ra

photons with rate Wi, = W, by virtue of the first Einstein’s relation [13]. While
the three-level system is just sufficient to achieve optical gain, its pump-inefficiency
is a major drawback [1, 12]. This is because the ground state involvement as the
lower level indicate that the gain material must be pumped intensely, such that more
than half of the ground state occupancy is excited to E, [1, 12]. A quintessen-
tial example is the biexciton gain mechanism in green-emitting inorganic Cesium
Lead Bromide (CsPbBr3) Perovskites, where stimulated emission occurs between a
secondary biexciton state and a primary free exciton state.

Lastly, in a four-level system as shown in Fig. 1.3c, stimulated emission occurs
along E3 — E,. Here, the lower level does not involve the ground-state E, thereby
circumventing the requirement to pump more than half of the atoms up to the excited
states and makes them extremely efficient. While the pump occurs along E; — Ey,
the fast non-radiative decay 743 < tsg causes excited atoms to quickly populate

the metastable E; for accumulating population inversion. As such, Ny ~ 0 and

SO (%) — 0. Since the stimulated emission leading to optical gain occurs along
E; — E,, the net rate of change to the photon flux density and population difference

term can be written analogously:

<d_¢>“ _ (d_¢> _ <d_¢> — AN*EWs (1.7)
dt dt SE dt ra '

net

AN* = N3 — N, ~ N; (1.8)

where W,3 = Ws; by virtue of the first Einstein’s relation [13]. If the lower level E;
is also a short-lived state (1p; < tsg) where atoms quickly decay to E, N, ~ 0
and population inversion condition of N3 > N, is easily satisfied even if N3 is small
at very weak pump regimes. Thus, we expect optical gain arising from four-level
systems to possess lower pumping thresholds than three-level systems.

1.2.3 The Gain Coefficient and Gain Saturation

The magnitude of optical gain in a material is quantified by the gain coefficient g and

di
is defined as the fractional increase of light intensity per unit distance: g = % with
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W

A
T
W W

—
Ax = clt

Fig. 1.4 A schematic of optical gain causing light intensity to increase from I to I + Al as
photons propagates over Ax in the gain medium. Here, stimulated emission occurs under population
inversion in the medium

units of cm~!. For simplicity, we consider a one-dimensional amplifier in Fig. 1.4,
where stimulated emission photons traverse through an infinitesimal distance Ax.
The rate of change of light intensity is therefore given by [14]:

dl
—=A+4gl—al = A+ gl (1.9)
dx

where A, g and « are the spontaneous emission seed, intrinsic material optical gain
and loss (propagation and re-absorption) coefficients, respectively and that g,,, =
g — «a is the resulting net gain after overcoming losses. Solving Eq. (1.9) yields the
result [15]:

I(x) =

gA (es* —1) (1.10)
net

where Eq. (1.10) predicts the light intensity to build up exponentially with propagated
distance in the gain medium. However, it also predicts /(x) — oo if x — oo. In
practice, the material is not infinitely long and light does not build up infinitely under
a constant pumping rate because otherwise, energy conservation would be violated
[16]. Thus, this exponential increase in light intensity is termed as the unsaturated
gain, describing the initial situation (say x = 0), where input light intensity is
low (low signal gain [1, 12]). As photons propagate further, say x > x,, this expo-
nential rate of intensity growth will start to decrease and eventually, light intensity
approach /,,,, asymptotically. This phenomenon is known as gain saturation and
occurs due finite maximum inversion of carriers and the rapid depopulation of the
metastable level occupancies by the highly intense input light. By employing reverse
Taylor’s expansion to the unsaturated gain solution in Eq. (1.10), one obtains the
gain saturation accounted solution given by [17]:

I(x) = A[egm*(l—f‘”"“) - 1] (1.11)

where x; is defined as the saturation distance. Here, an initial weak input light is
expected to grow exponentially under the unsaturated gain regime at x < x, but
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Fig. 1.5 a A schematic of the Variable Stripe-Length (VSL) experiment commonly used to deter-
mine the gain coefficients of a gain material. An example of gain-curve fitting using the b saturation
accounted and ¢ unsaturated gain solutions described by Eqgs. (1.12) and (1.11) respectively

is also expected to pick up lesser intensity increment as x > x; as a result of gain
saturation, tending asymptotically towards e$*s. Atexactly x = x,, we have a factor
of (1 — e~!), which implies that the optical buildup is near its maximum attainable
value, with only e~! remaining proportion left to grow before reaching the maximum
value of e®* . In optical spectroscopic studies evaluating the gain coefficient in a
Perovskite media, the so-called Variable Stripe-Length (VSL) geometry [15] shown
in Fig. 1.5a is often used. Developed by Shaklee and Leheny, VSL is a convenient
method as the net gain coefficient of a material can be determined directly without
having to construct cumbersome laser cavity systems [15].

Here, a gaussian pump beam is focused with a cylindrical lens to produce a line
beam that is illuminated onto the Perovskite medium. The beam stripe length x is
controlled by a pair of mechanical slits. To ensure a homogeneous excitation, slits
are usually placed at the center of the stripe excitation beam, based on the slowly
varying approximation in gaussian beam optics [10]. Figure 1.5b, ¢ shows the gain
coefficient fitting of methylammonium lead iodide (CH3NH;Pbls) thin films [18]
collected from the VSL experiments using the saturation accounted and unsaturated
gain solutions. Clearly, the saturation accounted solution in Eq. (1.11) provides a
complete and more accurate fitting (Fig. 1.5b) than the unsaturated gain solution
(Fig. 1.5¢c) as the latter only provided partial data fitting corresponding to shorter
excited stripe lengths.

In most conventional laser physics reference books, gain saturation in atomic
systems are understood through the relationship between gain coefficient, light inten-
sity, and population inversion quantities in the framework of four-level systems, as
shown in Fig. 1.6a. By including the spontaneous emission terms of A4; and Aj;,
the rate equation describing the population inversion dynamics can be written as:
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Fig. 1.6 a Radiative processes in a four-level system. Here, reabsorption rate Wy, is negligible due
to fast t3, making N, ~ 0. b Schematic illustrating the initial unsaturated and subsequent saturated
gain with propagated distance x in the gain medium. ¢ Maximum steady-state population inversion
N3(o0) that reduces as a consequence of d gain reduction with increasing light intensity

dN;
e P+ [-W3n N3] + [—A3N3] (1.12)

where P = Wy N, is defined as the pumping rate and that W3 N, = Ay Ny = 0
since N, ~ N4 ~ 0. By further defining the effective lifetime of upper level E3 to
ﬁ = Wi, + Az o I, we can re-write the above rate equation as follows:

dN; N
ans _p_ (1.13)
dt T3(eff)

Solving Eq. (1.13) with boundary conditions of N3(0) = 0 under lossless condi-
tions gives the explicit time-dependent and steady-state upper level E3 occupancies
as follows:

N3(t) = N3(00) (1 — e~ "/mem) (1.14)
N3(00) = Ptaetn) (1.15)

where N3(00) o P is the steady-state population inversion and is proportional to the
pumping rate P. Equation (1.14) tells us that there is a characteristic buildup time
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leading to the steady-state population inversion of N3(co), as shown in Fig. 1.6b.
Next, the saturation of optical gain can be described mathematically using the
saturation function:

1
gl) ~ <Tl/ls>g0 (1.16)

where I; and go = g(I — 0) are the saturation intensity and unsaturated gain coeffi-
cient, respectively. Clearly, the magnitude of gain exactly at saturation intensity I is
such that g(I;) = % go and g(I — oo) — 0. Since optical gain is dependent on the
extent of population inversion, go oc N3 and tells us that N3(oco) at high input inten-
sities will be significantly lowered, as shown by the red-curve in Fig. 1.6b. Lastly,
Fig. 1.6d summarises the relationship of gain saturation with propagated distance
X, corroborating to the expected “S-shaped” light intensity growth behaviour seen
previously in Fig. 1.5b.

1.2.4 Amplified Spontaneous Emission

Thus far, we have seen that population inversion in the gain medium is a prerequisite
pump-induced buildup for avalanche stimulated emission to occur and drives the
onset of optical gain. Under such circumstances, optical gain unsupported by optical
feedback results in amplified spontaneous emission (ASE) instead of lasing. As
shown in Fig. 1.7, ASE results from the total contributions of various avalanche
stimulated emission processes seeded by spontaneously emitted photons situated

4 Light
Intensity

’/\ \ 4 E,
\
— > /‘t El

Fig. 1.7 a Amplified Spontaneous Emission (ASE) without optical feedback in a gain material
occurring within the locus of 2. b Schematic of ASE in a four-level system gain medium and ¢ the
development of narrowband ASE spectrum within the spontaneous emission PL spectrum
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within the locus of a solid angle of 2 = Z—fj, accumulated in a one-pass propagation
[12]. In other words, ASE is a “less stringent” light amplification process where
spontaneous emission is amplified via stimulated emission with “relaxed” optical
coherence properties in comparison to lasers [12, 19]. In spectroscopic terms, the gain
spectrum/bandwidth refers to the ASE spectrum (Fig. 1.7c, orange) with much higher
intensity and narrower full-width at half maximum (FWHM) than its spontaneous
emission PL spectral widths (green). Essentially, ASE possessing narrower spectral
widths than its PL counterpart is a consequence of partial temporal coherence, which
we shall re-visit in Sect. 1.4.1. Readers interested in the quantitative description of
ASE are encouraged to refer to reference [12, 20].

1.3 Laser Oscillations: Gain Medium with Optical
Feedback

Optical feedback refers to the wave-guiding of stimulated emission photons by re-
directing light back and forth within the gain medium and can be easily achieved by
placing two end-mirrors sandwiching the gain medium (similar to Fig. 1.1a). As such,
light amplification no longer occurs in a “one-pass” propagation but “multipass”,
with one end of the mirror (output coupler) emitting some as laser output. Essen-
tially, the waveguiding and confinement effect caused by the end-reflective mirrors
selectively enhance specific avalanched photons called modes while annihilating
other avalanched photons (non-modes), revealing more stringent light amplification
conditions than ASE. To illustrate this, Sect. 1.3.1 discusses basic resonator optics,
showing that the selective light amplification producing laser emission is a result
of mathematical boundary conditions due to the spatial confinement. Section 1.3.2
illustrates the features of steady-state laser output and lastly, Sect. 1.3.3 discuss the
various figures of merit characterising the quality of modal confinement.

1.3.1 Cavity Modes and Lasing Modes

In this section, we will use the framework of Fabry—Perot cavities to illustrate the
concept of cavity modes, gain spectrum and lasing modes. From Fig. 1.8a, the
presence of two end-reflective mirrors imposes the resonant boundary condition
of mA ~ 2nL, where only light that constructively interfere with itself after prop-
agating a cavity round trip distance of 2nL can exist in the cavity with length L.
Solving the boundary condition yields the solution:

C
A m| = 1.17
v m[an] (1.17)
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Fig. 1.8 a Light confinement in a Fabry—Perot resonator with length L. b Cavity mode frequency
comb with narrow spectral widths of Avy/> due to the photon’s energy-time uncertainty relations

where v,, is the collection of quantized cavity mode frequencies allowed in the cavity
and m is an integer called the mode number—Eq. (1.17).

In practice, cavity mode frequencies are broadened to width Av,, instead of its
dirac-sharp feature described in Eq. (1.18) because of the photon energy-lifetime
uncertainty relations: (hAm /2)AT ~ h originating from imperfect reflectivities
R R,. In other words, cavity mode widths are an indication of quality of optical
confinement (feedback) and is defined by [1]:

1 c
A =—1—RR[—] 1.18
V12 271[ 1R>] L (1.18)

where the stronger the optical feedback Ry R, — 1, the narrower Av;,, — 0 will be.
However, one must note that R; R, = 1 is not exactly ideal too, as no output beam
can be collected and leads to internal gain saturation due to high intensity build-ups
[12]. In actual fabricated cavity systems with cavity length L, the experimentally
observed cavity modes are situated spectrally within the PL band, as shown by the
green modes in Fig. 1.9a. On the other hand, the lasing modes (orange) are defined

Mode a Mode b
Intensity Intensity
o o
—— —
L I
A A

Multi-mode Lasing

Single-mode Lasing

Fig. 1.9 Schematic illustrating the difference between a multi-mode and b single-mode lasing,
which depends largely on the number of coinciding cavity modes with the ASE gain spectrum
dictated by the FSR
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as cavity modes found only within the ASE (or gain) spectrum that subsequently
participate in laser oscillations and are responsible for the observed laser output
wavelengths (or frequencies). As we will see in Sect. 1.3.2, cavity modes only evolve
into lasing modes after the cavity system is pumped sufficiently above threshold,
where population inversion leading to optical gain in the gain medium occurs.

One of the most important pursuits is single-mode lasing operation, due to bene-
fits of strong spectral purity, preservation of optical coherence and excellent beam
qualities [21, 22]. Generally, the number of participating lasing modes depends on
the intermodal spacing between adjacent modes, called the free-spectral range (FSR).
From Eq. (1.17), the FSR in frequency domain can be derived as follows:

FSRy = Vst — vy = [ﬁ] (1.19)

Clearly, the FSR is dependent on the gain medium’s refractive index n and more
importantly, the cavity length L. Essentially, a long cavity system typically causes
small FSR which in turn leads to multimodal lasing (see Fig. 1.9a). Thus, single-mode
laser outputs are usually achieved only when the FSR is large, so that there is minimal
overlap between cavity modes and the gain spectrum, as shown in Fig. 1.9b. However,
this also demands the cavity length L to be minimised, which can be an imposing
limit on the gain medium thickness. Following in Sect. 1.3.2, we shall discuss the
concept of laser oscillations, where beyond a certain threshold feature, pumping
induced population inversion in the gain material couples with optical feedback to
produce laser output. In Chap. 3, we shall see that the pursuit of single-mode lasers
often involve leads to increased pumping threshold of lasing due to thinner active
layers providing relatively lower optical gain per round-trip.

1.3.2 Steady-State Laser Oscillations and Gain Threshold
Conditions

Laser oscillation refers to the situation where net gain in the medium is achieved,
such that lasing mode intensities waveguided back and forth within the cavity are
greatly amplified in comparison to non-participating cavity modes. For a cavity, the
light intensity collected from point A to B after a round-trip is:

Ip = I[e*®P][e " D][R Ro] (1.20)

where we account for the intrinsic gain g, attenuation o« and reflectivities R R»,
respectively. To ensure net optical gain, we require I > I, but we can define gain
threshold where intrinsic gain overcome losses exactly, such that Ig = I4. This
implies that the term [¢$* =@ D[R R;] = 1 and the gain coefficient threshold g,
can be solved to give:
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gh = o + ﬁln(ﬁ) o N3t (1.21)

Since g o< N3, the presence of gy implies a corresponding N3, exists. Equa-
tion (1.21) indicates that the mirrors used, and cavity length are important parameters
during cavity system fabrications. In recalling Eq. (1.15), this also implies a corre-
sponding pump threshold Py,. Essentially, gy, can be lowered through (I) Narrow
gain bandwidth §v, (IT) longer cavity length L, (IIT) small & and (IV) highly reflec-
tive Ri R, — 1. Factors (I and II) describes the maximisation of intrinsic gain while
(II1, IV) minimises the collective losses. A narrower gain bandwidth helps to selec-
tively maximise stimulated emission of a sharp transition line and reduce intermodal
competition for oscillation, while a longer cavity length helps to boost the intrinsic
round-trip gain, although it also hinders single-mode lasing operations and reduces
compactness of the opto-electronic device. Thus, it is imperative to take note of the
trade-offs involved for tailored cavity designs.

Equally important to laser oscillations, is the role of the pumping rate P, which
can be addressed by considering steady-state laser oscillation as t — 0. Previously,
our solution in Eq. (1.14) automatically describes the onset of optical gain as an ideal
lossless four-level system has near-zero pumping threshold to accumulate population
inversion. Here, to account for losses, where pump threshold Py, exists, we re-write
the rate equation of population inversion as follows:

(st(t)> _p_ N30 _ 0 (122)

dt T3(eff)

where (‘%) = 0 necessarily due to thermodynamic equilibrium of population

inverted occupancies along the metastable state, where N3(oo) is constant during
steady-state conditions. Secondly, in assuming that the output coupler leaks out
negligible laser output, the infinitely many round-trips of x — oo would lead to
saturation of gain, thereby maintaining a constant light intensity I,,,, internally,
such that (dd—f) = 0. In other words, regardless of pumping rate P, steady-state is

said to be reached at  — oo when both (%) = (4L) = 0 are simultaneously

satisfied. At below threshold conditions of P < Py, we expect the trivial solutions
where (i) P = %‘?) and (ii) / = 0 due to no net gain, satisfying the two require-
ments, respectively. In (i), any increase in pumping rate P < P, will only serve to
linearly increase N3(00) < Njqn)(00) that does not lead to any laser oscillations.
At threshold conditions of P = Py, we have Py, = M but / = 0 also, due
to exactly zero net gain. Finally, at above threshold conditions of P > Py, since
I o N3(00), the requirement of (%) = 0 at steady-state operation dictates that
N3(00) = N3wm)(00) = N3max) (00) necessarily, while lasing intensity increases

linearly [1] with pump in this regime given byl = %[% - ] Figure 1.10
summarises the transition in behaviours of steady-state population inversion N3(co)

and lasing intensity I with respect to P at below to above pumping threshold regimes
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Fig. 1.10 The steady-state behaviour of laser oscillations. a Population inversion and b lasing light
intensity as a function pumping rate P, with a threshold at P = Py,. Both shows a distinctive change
in behaviour as P — Py

and are often plotted from experimental data to ascertain the onset of laser oscilla-
tions and to distinguish lasing from other “look-alike”” narrowband emission artefacts
[23], which we will discuss in Sect. 1.4.3.

1.3.3 Figures of Merit: Q-Factor and Finesse

Two common figures of merit used to characterise the output quality of a laser are the
(D) Q-factor and (I) Finesse. As we have seen in Sect. 1.3.1, the mirror imperfections
lead to a broadening of the cavity modes and hence the resulting lasing modes. Firstly,
the Q-factor provides indication of the optical feedback based on the sharpness of
lasing modes, given by:

_ Vias drnL
A\)l/z )»(1 — R]Rz)

(1.23)
On the other hand, the cavity Finesse is often used to judge the spectral overlap
between adjacent lasing modes by accounting for the FSR:

F— A\)l/z i 2 N Q
" FSR  (1—RR) m

(1.24)

Evidently in both Eqgs. (1.23) and (1.24), the better the cavity fabrication, the
higher the values of Q and F because lasing mode width should be smaller than
both lasing mode frequency and FSR distance (Av;,» < FSR « vy,). Interestingly,
cavity Finesse is only dependent on R;R; and independent of cavity length L. In
principle, the optical feedback is independent of L and should depend on the mirror
R| R;, therefore, a good laser cavity is one where the lasing modes are narrow and
do not overlap with adjacent modes.
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1.4 Characteristics of Lasers

Lasers possess two kinds of optical coherence, known as (i) temporal coherence and
(ii) spatial coherence, that correspond to the monochromatic and collimated light
output properties. Essentially, optical coherence is the predictability of laser wave
properties that stems from the process of stimulated emission [1, 10, 12, 19], due to the
generation of photons with “copied” wave traits (phase, wavelength, polarization,
and propagating direction) from its spontaneously emitted “seed” photon. Firstly,
the longitudinal optical coherence corresponds to the predictability of wave traits
along the direction of laser wave propagation [1]. Thus, it is a measure of correlation
of wave-phases along equidistant wavefronts (red and blue dots as shown in the
right of Fig. 1.11) that can indicate whether a light output is monochromatic [1].
Monochromatic sources such as lasers have very predictable wave-phases along
equidistant wavefronts, where its electric field oscillation component is expected to
map out perfect sinusoidal behaviour with propagation time [10]. For this reason,
longitudinal optical coherence is also known as temporal coherence and can be
affected by light scattering, dispersion and diffraction [10]. The widely-accepted
standard for a laser’s monochromatic width is AA < Inm [23]. On the other hand,
lasers also possess transverse optical coherence, which measures the correlation
of wave phases extending along a single wavefront [10] (hence, spatial coherence).
With the knowledge of individual adjacent wavefronts, one can obtain information of
the overall beam directionality, as shown on the bottom left side of Fig. 1.11. Ideally,
lasers possess a collective of plane waves, which maps out (blue and red arrows) to be
perfectly collimated. In spectroscopic measurements, the beam directionality emitted
by a gain material can be assessed by performing angular-dependent PL experiments.
Lastly, it should be noted that while temporal and spatial coherences both commonly
measure wave-phase correlations, they deal with very different aspects. The former
traces sinusoidal wave continuity with propagation while the latter traces wavefront
distortions. As such, temporal and spatial coherences are independent of one another.

/ Zio.a;.é‘,;’ (Temporal) = ts
.B. ........... '.a*’f:ﬁ' a%n‘?j — oS
‘-.,. ) . . . lA .
............. ¥
A x
CEL MG ML L L . Light
Ei Propagation

Fig. 1.11 Illustrations of longitudinal (temporal) and transverse (spatial) coherence corresponding
to monochromacity and collimation of a laser beam output
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Table 1.1 A table of comparison between ASE and Lasing properties. Key similarities and
differences between these two phenomena are represented in blue and red, respectively

Light Amplification YES YES
(Population Inv)
Optical Feedback NO YES
Threshold Behaviour YES YES
Output Linewidth 6-12nm < Ilnm
Output Position Red-shifted from broad ~ Lasing modes within
Luminescence (e.g. PL) vicinity of ASE

bandwidth with quick
intensity growth

Mechanism Widened Stimulated Strict Stimulated
Emission Emission
Temporal Coherence Strong Very Strong
(monochromatic)
Spatial Coherence Weak/medium Very Strong

(Directionality)

1.4.1 Differentiating Amplified Spontaneous Emission
and Lasing

A comprehensive set of protocols was established by Ifor et al. in order to distinguish
between lasing output emission and its “look-alikes”, for instance, ASE. In recalling
from Sects. 1.2 and 1.3, it is clear that the first step to differentiate between them
is through the presence (or absence) of a cavity in the measured sample material.
Essentially, the lack of waveguiding from optical feedback causes ASE to possess
lower degrees of optical coherences as compared to lasing, as presented in Table 1.1.
Figure 1.12a illustrates the development of a relatively sharper and more intense ASE
spectrum that manifested from unsupported optical gain. Next, Fig. 1.12b illustrates
the development of lasing upon provision of optical feedback by externally fabri-
cated cavity, where cavity modes within the gain spectrum evolves to lasing modes
with significantly higher intensity than non-participating cavity modes, of which,
indicates laser oscillations. In comparison, it is clear that ASE and lasing differ in
terms of their (i) spectral widths and (ii) emission features [12, 19, 23]. Neverthe-
less, the protocols used to identify lasing are as follows [23]: (I) Lasing linewidths
of <1 nm (Temporal Coherence), (II) pump-threshold behaviour followed by super-
linear increase in lasing intensity and (IIT) Visually collimated output (Spatial Coher-
ence), as shown in Fig. 1.12c, d geometries. Two similar artefacts are interference
effects in micro-cavities and waveguided light that may also appear spectrally narrow
with strong directionality possibly due to substrate leaky-waves [24]. However, since
these two artefacts do not occur in the optical gain regime, the trick here is to check
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Fig. 1.12 Development of a ASE and b lasing in the gain medium and cavity system respectively,
once pumped above threshold. ¢ Linear intensity growth and linewidth narrowing with pump and
d a visually collimated beam output that indicates lasing output and strong spatial coherence

if a pump-threshold trait exists. Importantly, interference patterns and narrowband
spectra are commonly seen in luminescent micro-cavities with edge-waveguiding
effects [23]. For microcavity structures, their emission environment can be strongly
affected by its self-interference (Etalon effect), causing narrower linewidth emissions
and stronger directionality.

1.5 Summary and Conclusions

In this chapter, laser emission is reviewed as a combined effort of population inver-
sion buildup in the pumped gain medium coupled with optical feedback afforded
by reflective mirrors in a Fabry—Perot cavity. Ideally, gain media based on the four-
level system model have near-zero threshold for optical gain because the lower level
does not involve the ground state. However, cavity imperfections such as non-unity
mirror reflectivities, reabsorption and etc. manifest themselves as loss channels that
compete with the material’s intrinsic gain g. Thus, net gain g, leading to laser
mode oscillations occurs only when the pumping rate P > Py, leading to the
two key steady-state traits shown in Fig. 1.10. Importantly, we also discussed the
conceptual differences between ASE and lasing, despite both processes occurring in
the optical gain regime. Essentially, the former process leads to a relatively broader
spectral width than the latter because of relaxed conditions arising from the lack of
optical feedback, resulting in poorer temporal (monochromacity) and spatial (beam
divergence) properties.
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Chapter 2 ®)
The Halide Perovskite Gain Media Geda

2.1 Introduction to Halide Perovskites

Perovskites rose to fame due to its rapid improvements in solar-cell conversion effi-
ciencies, starting from 3.8% [1] (in 2009) to 22.1% (in 2014) [2] and exceeding 25%
(in 2019) [3, 4] while silicon solar cells took several decades of intense research
efforts to reach conversion efficiencies ~25% [5]. In 2014, amplified spontaneous
emission (ASE) was serendipitously discovered in Perovskite [6], which triggered
massive efforts to study its viability to support continuous wave lasing [7]. In this
chapter, we begin with a formal introduction to the Perovskite gain material by
reviewing its general crystal structure and its structural dimensionality. Importantly,
we make a clear distinction between the Perovskite’s structural and morphological
dimensionality. Next, we provide context to the research field of Perovskite lasing
by reviewing the research trajectory and milestones; and comparing them to other
classes of gain materials.

2.1.1 The Perovskite Crystal Structure

The term “Perovskite” refers to any semiconducting material with a general chemical
formula of Ay_,BX¢_m [8], where, m is an integer called the Perovskite’s structural
dimensionality number. By nomenclature, the A, B and X ions are the monovalent
cation, metallic divalent cation and monovalent halide anion, respectively [8]. The
most common system is the structural three-dimensional Perovskites (m = 3), whose
crystal structure is shown in terms of the unit cell and octahedral tessellation repre-
sentation in Fig. 2.1a and b, respectively. In the unit cell representation, the B-cation
(orange) resides in the innermost-center of the octahedron cage created by six X
anions (blue), forming the octahedral [BXs]*~ building block that is further caged
by an “external cube” created by eight corner-sharing A-cations (gray). Spatially, the
[BX4]*~ octahedron is situated in the external cube’s center, where each X-halide
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Fig. 2.1 Structural three-dimensional Perovskites of ABX3 in a cubic unit-cell and b octahedra-
tessellated representations. The [BX]*~ octahedron is a Perovskite’s building block

anion resides at the center of each of the external cube’s six surfaces. Alternatively,
the Perovskite structure can be presented in the octahedral tessellated representation,
where [BX6]4’ octahedra tessellates in all three x, y, z directions, with the A-cation
filling the central void. Common choices of A, B and X ions are shown in the grey
box of Fig. 2.1 [9]. In this book, we focus our attention on the excellent optical gain
properties and its underlying carrier dynamics in lead-halide (B = Pb**) Perovskite
systems.

Generally, the overall stability of the Perovskite crystal depends greatly on the
mutual suitability of A, B and X ions in terms of their atomic or molecular radii
and are characterised by the (i) Goldschmidt’s Tolerance Factor ¢ (GTF) and (ii) the
Octahedral Tolerance Factor u (OTF). The GTF and OTF are defined as [10]:

ra+ry
f=—t 2.1
V2(rp + 1)
p="% (2.2)
rx

where r; is the atomic or molecular radii of the ion j. Here, the GTF calculates the
total structural stability while the OTF calculates the [BX]*~ octahedral stability of
a chosen combination of A, B and X ions. Table 2.1 summarises the GTF and OTF
values of various Perovskite media [10] and Table 2.2 summarises its corresponding
crystallographic phase. For lead halide Perovskites, we fix the B-cation to be Pb>*
and X-anions to be C1~, Br~ or I". Ideally, we want the A-cation to be comfortably
larger than Pb** so that it crystalises in cubic phase (¢— (pm3m)) [11], where
0.89 < teyvic < 1. A classic example of room-temperature cubic-phased Perovskite is
the green-emitting MethylAmmonium lead Bromide (CH3;NH;PbBr; or MAPbBr3)
system [10, 12, 13]. If a chosen A-cation is smaller than Pb2*, then the system
crystalises in the orthorhombic phase (y— (pnma)) [11], with a GTF range 0.71 <
tortho < 0.89. This occurs as a result of loosely-fitting A-cation in the central void
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Table 2.1 First-principles calculations of the (A) OTF and (B) GTF in common Perovskite
assemblies at room-temperature. Data is adapted from [10]
(A) - (B)
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Table 2.2 A summarised table of common Perovskite crystal structures in room temperature condi-
tions. Knowledge of the crystallinity of the Perovskite of interest is essential for verifying its
corresponding X-Ray Diffraction angular peaks
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and an example of room-temperature orthorhombic Perovskite is the Cesium Lead
Bromide system (CsPbBr3) [14, 15]. On the other hand, if the chosen A-cation is
exceedingly large, then the system crystalises in the mildly-distorted tetragonal phase
(B—(p4/mbm)) [11], with a GTF range of tey, > 1. They are generally unstable and
may collapse into the two-dimensional planar (multiple QW-like) structures, such as
the Ruddlesden-Popper (RPP), Aurivillius and Dion-Jacobson (DJ) phases [16]. An
example of room temperature occurring tetragonal Perovskite is the formamidinium
lead bromide system ((NH,),CHPbBr; or FAPbBr3;) [10]. Equally important, the
value of an octahedron’s OTF indicates the suitability of a B-X ions. The acceptable
range of stable [BX]*~ formation occurs between 0.41 < . < 0.90. Similarly, OTF
of commonly chosen B and X ions are summarised in Table 2.1(B).

Intrinsically, the Perovskite’s crystal phase adapts with temperature, which leads
us to the concept of phase-transition. For example, the cubic CH3NH3PbBr; system
transits into orthorhombic phase at below 150 K [12, 13] while the orthorhombic
CsPbBrj transits into tetragonal phase at 361 K and quickly to cubic phase at 403 K
[15]. Interestingly, the use of co-existing mixed-phases at phase-transiting tempera-
tures served as a “trick” for replicating a conducive energy-funnelling environment
for achieving low-temperature assisted CW pumped lasing [17, 18]. Another way
to characterise Perovskite crystallography is the X-ray diffraction (XRD), where
Fig. 2.2 shows the XRD spectrum of CH3NH3PbBr; in various morphologies. Due
to the limited scope of this book, interested readers are highly encouraged to consult
references for XRD peak angular position assignments for the Perovskite material
of interest [12, 13, 19-21].

2.1.2 Perovskite Structural Tuning

Perovskite’s structural dimensionality is given by the number of axes which the
[BX¢]*~ octahedra tessellates in, as shown in Fig. 2.3. From the general chem-
ical formula of A4_,BXe_m, the three, two, one and zeroth structural dimension
Perovskites have chemical formulas of ABX3, A;BX4, A3BXs and A4BXg, respec-
tively [27]. Structural two-dimensional Perovskites (A;BX4, Fig. 2.3b) are formed
when the [BX4]*~ octahedra connects in two spatial directions, thereby producing
multiple planar layers that are separated by organic ligand spacers via weak van-der
waals forces [8]. From an energetic viewpoint, the ligands act as the interlayer’s
periodic potential barrier [28] and that the collective system resembles a multi-
layered quantum well. Structural one-dimensional Perovskites (A3BXs, Fig. 2.3c)
are formed when the [BX¢]*~ octahedra connects only in one spatial direction,
that resembles multi-rod arrays. Lastly, structural zero-dimensional Perovskites
(A4BXg, Fig. 2.3d) are formed when all [BX]*~ octahedra are disconnected and
isolated. Instead, each [BX¢]*~ is charge-neutralised by four neighbouring A-cations.

Another sub-class of Perovskites known as the Ruddlesden-Popper Perovskites
(RPPs) are also of interest for lasing applications. The RPPs are defined with general
structural formula of (R — NH3),A,- 1By X3n41 [29], where R and n are the organic
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Fig. 2.2 a Example of calculated XRD peaks for CH3NH3PbBr3 nanocrystals and b the corre-
sponding shape-factor values in the Scherrer’s equation, based on the observed physical nanocrys-
tallites from transmission electron microscopy (TEM). XRD patterns of ¢ bulk single-crystal [22],
d powder [23], e spin-coated thin-film (Black) [24], f nanocrystals [25] and g quantum dots [26]
of the CH3NH3PbBr3 system. Due to the pristine quality of single crystals, only diffraction peaks
along (h 0 0) axes are well-defined

alkyl group and the tessellated thickness of each planar layer, respectively, as shown
in Fig. 2.4. Thus, n = 1 corresponds to a pure two-dimensional Perovskite structure
while n = 2 corresponds to a “modified” two-dimensional Perovskite structure, where
each octahedral plane is stacked twice before successive organic spacers. Asn — 00,
it simply corresponds back to the three-dimensional structure. For this reason, RPPs



26

° 3 ° :

: O @ H e e‘"-‘q
e L
° ° ©

ci.--o-—-—.--'--‘ﬁ:"" '{/
]
c 3 e
e @
o 0%, °
at. Y

. 4 - °
L e
) ‘,o".o.:o
- too
e "
-~ @
°

2 The Halide Perovskite Gain Media

b A B .3
*3"4‘.{{5&
R AR L
Lottt g
e, 9_&:0_'._ _3!&;_ .3:.__‘ o
g oW W,

‘0. @ 6. @ °s.
~“0\ 0,0

20 2029 o
,o..‘o.:'o.

‘0. @ *e. @ *6.

Ll L Ll L

Fig. 2.3 Perovskite’s structural dimensionality depends on its interconnectivity between octahedra-
networks. a Three-dimensional, b two-dimensional, ¢ one-dimensional and lastly, d zero-
dimensional Perovskites. The green icons denote ligands

a c
DB ©eo oo o000 0
[ B BN A BN ) I 1 | : @ @

0;0000

Fig. 2.4 The Ruddlesden-Popper Perovskite (RPP) structure. a n = 1 (pure two-dimensional), b n
=2 and ¢ n = oo (pure three-dimensional). Between successive planes, periodic potential barriers

are set up by the ligand spacers (green rectangles)
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are otherwise known as quasi two-dimensional or “layered” Perovskites in literatures.
Later in Sects. 2.2.1 and 2.2.3, we will see that RPPs are excellent gain media due
to their enhanced ambient stability and excitonic binding energies [27, 30-32], high
carrier mobilities for devices [1, 33—35] and suppressed ion migration [36]. Others
deem them unsuited for lasing due to efficient charge transfer at the organic interfaces
that competes with its ASE buildup [37].

2.1.3 Research Interests in Perovskite Lasers

It is important for readers entering the field of Perovskite lasing to have an overview
of the current research interests, milestones achieved and challenges that remains
to be tackled. Generally, an excellent gain material is one with access to emission
wavelength tunability, low pumping threshold for lasing, and single mode opera-
tion. In comparison to organic (polymers and insoluble small molecules) and inor-
ganic (chalcogenide quantum dots (CQDs) and group III-nitrides) semiconductors,
Perovskites have consistently shown to be satisfying these qualities [38]. For instance,
although vacuum vapor-deposition commonly employed to fabricate organic emit-
ters (OLEDs) based on small molecules (such as Al(CoyHgN)3) [39] allow for ease
of fabricating complicated multilayers with sustained device performance [40, 41],
they generally suffer from high costs of production [42] and limited scalability due
to pixilation using evaporation masks. In contrast, organic polymers offer the advan-
tages of low cost of production via solution processing and compatibility with inkjet
printing for large-area device scaling, but they generally suffer from relatively lower
device efficiencies [40]. In recent years, although scientists have increased efforts
to develop solution processable small molecule based devices that are comparable
to its vapor deposited counterpart, its success is limited by lower material packing
density and shorter carrier lifetimes than the latter [40]. On the other hand, inor-
ganic semiconductors generally face serious problems with emission wavelength
tunability. For instance, chalcogenide quantum dots (CQDs) such as CdSe and ZnS
have difficulty acquiring blue lasing, due to its small dot-size. Essentially, its strong
quantum confinement makes auger recombination rates highly competitive and its
high volume-to-surface ratio makes it susceptible to high surface defect densities
[43]. In addition, their surface insulating ligands cause severe charge transport issues
[44]. On the other hand, group Hl-nitrides such as the Ga-rich In;_,Ga,N typi-
cally suffer from the so-called “green-valley of death” [45, 46] or “green gap” [47],
which describes the rapid decrease in external quantum efficiency (EQE) [48] when
the emission shift towards blue to green as molar ratio of In increases >0.3 [49].
Essentially, carrier leakage and Crystalline defects arising from growth temperature,
stacking faults and lattice mismatch between GaN and InGaN are problems that
remain to be tackled, before the implementation of stable group IlI-nitride based
green laser diodes [47].
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Fig. 2.5 Overview of the attractive properties of Perovskites as gain media

Figure 2.5 presents an overview of the attractive properties of Perovskites,
making them a family of extremely promising candidates for sustainable low-energy
consumption and wavelength tunable lasers. Firstly, the access to low-temperature
solution-processed synthetic routes and its up scalability for industrial produc-
tion [50] grants the advantage of lower production costs that surpasses organic
small molecule emitters. Secondly, the ease of halide substitution [6, 51, 52] pre-
or post-synthesis allow for a wide visible range tunability in light emission, that
could easily overcome the “green valley of death” in group II-nitrides and the
strong quantum confinement induced problems of blue emission in CQDs. Thirdly,
it possesses a range of excellent optical properties [53], ranging from high photolu-
minescence quantum yield (PLQY) to minimal blinking [54] and to long ambipolar
carrier diffusion lengths, which make them extremely suitable for lasers and optoelec-
tronic applications. Fourthly, their low pumping threshold [55], high g, [25, 56] and
strong optical non-linearity [25, 57] make them extremely promising in frequency-
upconverted lasers that can find potential applications in biomedical photonics [58]
without having to meet cumbersome phase-matching conditions [57, 59].

The holy grail in this field is to realise electrically-driven Perovskite lasers,
where material optimisation and careful device-stack planning are extremely impor-
tant. Towards this goal, early Perovskite lasing studies began with optical pumping
using femtosecond laser pulses, which would later see a progress to longer duration
pulses such as nanosecond to even continuous wave (CW) excitations [53, 60-64].
The common belief is that the establishment of stable CW pumped Perovskite lasing
is needed as a steppingstone before heading over to electrically pumped Perovskite
lasing. However, as shown in the top wing of Fig. 2.6, the longer excitation pulse
duration introduces two problems: (i) lower peak excitation intensity that causes
increased pump threshold for lasing [60] and (ii) increased heating effects that exac-
erbates due to the Perovskite’s poor thermal conductivity [7, 53]. In addition, the
bottom wing of Fig. 2.6 shows an overview of other related research problems being



2.1 Introduction to Halide Perovskites 29

Excitation

50 @
Y

§ <= | ns-pulsed
T = fs-pulsed

Pumped Lasing

Material/Device

Fig. 2.6 Anoverview showing the coupled effort (gray-green arrow) of device thermal management
and optimisation strategies will propel the field towards electrically pumped Perovskite lasers. The
top arrow (blue-cool to orange-hot) indicates increased thermal damage on Perovskite layers with
elongated pump durations

tackled since 2014 till present, which must be overcome before the realisation of
electrically pumped Perovskite laser.

In the earlier years, the use of femtosecond pulsed excitation was crucial in under-
standing and resolving the interplay between sub-picosecond processes such as auger
recombination [25, 65-68], carrier thermalisation [69, 70], photon recycling [71,
72] and optical build-up processes [73—78]. This is because a deep understanding
of the interplaying processes promoting and/or hindering optical gain can provide
us with insights essential for developing optimisation strategies and engineering a
working device structure [60]. On the other hand, nanosecond and longer duration
pulses are termed “Quasi-CW” pumping as the above carrier dynamics would have
been inhibited by the relatively longer pump event. As early as 2015, Cadelano and
co-workers [7] determined that CH;NH3Pblj; thin films would require ~50 kW cm™2
of intense 300 ns pulsed excitation while maintained under 180 K conditions, so as to
mitigate any thermal degradation of its active layer. Importantly, the work highlights
an additional need for incorporating efficient thermal management strategies [7, 53].

Figure 2.7 shows a statistical overview of lasing reports in three-dimensional
Perovskite media from 2014 to 2020. Figure 2.7a shows a rapidly growing amount
of Perovskite lasing reports with time, showing its progressive nature of the field.
Certainly, its fame can be attributed to the influence of other studies, ranging from
solar cells [3, 79-82], photodetectors [83—87], field-effect transistors (FETs) [88, 89]
and LEDs [90-94]. Figure 2.7b shows the Perovskite morphological system break-
down, which reveals two dominant domains of interest: (i) polycrystalline thin films
and (ii) nanocrystals. Although small in proportion, but the nanoimprint lithographic
and inkjet-printing techniques are highlights in recent years, which saw the success
of a prototypical single-mode Distributed FeedBack (DFB) laser. Importantly, these
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Fig. 2.7 Statistical overview and milestones of the optically pumped ASE and lasing. a The upward
trend in annual published reports, b the distribution of ASE and lasing reports in various Perovskite
morphologies and ¢ a milestone timeline comprising of research highlights from 1997 till 2020

techniques, albeit new, hold potential in the upscaling and production of large-area
Perovskite lasers in the future. Perovskite micro-morphologies are also interesting
lasing systems, in which their geometrical structure gives rise to waveguiding optical
feedback. Figure 2.7c illustrates a timeline of the important milestones. Generally,
the field displays an early interest in establishing and optimising synthetic routes
for a myriad of Perovskite morphologies, together with a concurrent shift into using
longer excitations, such as from fs-pulses to ns-pulses. In 2017, the field ventures into
CW pumping, which highlighted the lasing death phenomenon and also into exciting
areas of polariton lasing with a promised lower lasing threshold arising from the so-
called “polariton condensate” than conventional photon lasing arising from popu-
lation inversion mechanisms. In Chap. 3, we shall see that a strong morphological
anisotropy and high transition oscillator strength are demanded for the successful
demonstration of polariton lasing. From 2018 onwards, the field progressed with
new-found interests in upscaling the production of Perovskite based laser devices,
with the introduction of inkjet-printing and nanoimprinted lithography. Although
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not shown, the field in current status, is also in development stages of studying CW
pumped Perovskite lasing at room temperature, without the reliance on cryogens.

2.2 Optical Gain in Perovskite Morphologies

In this section, we shall discuss the observation of optical gain in each of the morpho-
logical categories shown in Fig. 2.7b. We will also introduce several interesting
alternative synthetic routes such as nano-imprint lithographic (NIL) [95-97] and
inkjet-printing (IJP) [98—100] techniques, although their advantages in device fabri-
cation for Perovskite lasers will be discussed in Chap. 3. Importantly, we highlight
the importance of synthesis optimisation intended to acquire higher PLQY [25],
improved surface passivation [75] and/or homogeneity [101] that directly aids in
reducing pumping thresholds [75] of ASE and lasing.

2.2.1 Perovskite Single Crystals

Perovskite single crystals (PSCs) generally refer to its bulk-grown monocrystalline
morphology that offer much lower trap-densities at ~10°—10'' cm™3 [102, 103],
micron-ranged carrier diffusion lengths [102, 104] and slower non-radiative recom-
bination rates [55]. Thus, these qualities make PSCs an attractive testbed for optical
gain studies. However, in a report by Wu et al., it was determined that the surface
and bulk-volume carrier dynamics are vastly different, with the former behaving
closer to polycrystalline nature [ 105] while the bulk-volume suffers from strong self-
absorption effects. Furthermore, its large physical dimension (~several mm?) would
reduce the resulting device’s compactness [53], all of which would complicate the
success of PSC lasers. Yet, multi-photon pumped ASE [106, 107] and subsequently
ultralow temperature random lasing [108] and room-temperature lasing [30] have
been observed in these PSC systems. In 2016, Yang et al. was the first to report ASE
in CH3NH;Pbl; PSCs under two- (2PA) and three-photon absorption (3PA) regimes
under 77 K conditions [106], as shown in Fig. 2.8a—c, respectively, with associ-
ated thresholds in orders of mJ cm~2. Successful frequency-upconverted ASE was
attributed to a giant 3PA non-linear coefficients at y = 4.76 x 10~* cm> GW 2 [106].
Importantly, cryogenic conditions were applied to induce crystal phase-transition in
the CH3NH;Pbl; PSC, so as to reduce auger recombination rates originating from
CH;3NHj3* cation disorder and spin—orbit coupling [106]. Soon after in 2019, Zhao
etal. was the first to also report multiphoton pumped ASE in carefully grown CsPbBr;
PSC-rods, with an unsaturated gain determined at g ~ 38 cm~! and a low 2PA ASE
pumping threshold at 0.65 mJ cm~2 [107], as shown in Fig. 2.8d—f. Remarkably, the
CsPbBr; PSC-rods demonstrated stable ASE emissions for up to nearly 40 h, thereby
highlighting its robust potential [107]. A quick glance at Fig. 2.8 shows that ASE
in both hybrid and fully inorganic PSCs seems to be relatively blue shifted from the
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Fig. 2.8 Multi-photon pumped ASE in a—¢ CH3NH3Pbl3 [106] and d—f CsPbBr; PSCs [107]. a
The close-up view of a CH3NH3Pblz PSC, with its b two- and ¢ three-photon pumped ASE spectra
at 77 K, respectively. d The two-photon pumped ASE spectra of a CsPbBr3 PSC-rod, with the inset
showing its pumping threshold and an image of the rod in light amplification regime. e The highly
stable ASE em}ssion kept up to 40 h, with a corresponding measured unsaturated gain coefficient
of g ~38cm™

broad PL spectral position. However, Zhao et al. argued that this is only an apparent
visual judgement caused by an already red-shifted broad PL due to strong reabsorp-
tion effects [107]. Instead, Zhao et al. proposed that the observed ASE most likely
originates from the conventional biexcitonic gain mechanisms [107], which will be
discussed in Chap. 3.

On the other hand, lasing in RPP bulk single crystals (RP-PSCs) of
(BA);(MA),_1Pb,I3,41 was first reported in 2018, by Chinnambedu et al. As shown
in Fig. 2.9a—c, growing RP-PSCs with increasing planar-stacks n results in tunable
red-shifted lasing emission. Importantly, as shown in Fig. 2.9b, the lasing results
from a natural wave-guiding effect arising from the “step-like” pyramidal contours
along the crystal surface, with edge-bending guided by total internal reflection. Thus,
Chinnambedu et al. assigned the observed lasing emissions in Fig. 2.9¢ to whispering
gallery mode (WGM) lasing [30]. Although relatively new to the field, RPP systems
are excellent candidates for lasing applications, due to their (i) enhanced ambient
stability [27, 31] and (ii) stronger excitonic properties [27] afforded by the dielectric
contrasts between the organic ligands and successive planar stacks [27]. Generally,
strongly excitonic emitters can benefit from a consistent PLQY that is independent
on photogenerated carrier densities [61]. Strongly directional random lasing (RL)
shown in Fig. 2.9d—f was also observed in surface-blemished CH3;NH3;PbBr; PSCs
at 4 K cryogenic conditions. where the surface cracks and imperfections behaved as
random resonator sites for optical confinement [108].
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Fig. 2.9 a—c As-grown image of n = 1-3, optical image of n = 1 and tunable WGM lasing
in (BA)2(MA),—1Pbyls541 RP-PSCs [30]. d—f Random lasing in CH3NH3PbBr3 PSCs at 4 K
conditions, as a result of surface blemishes acting as optical confinement sites, revealing excellent
Q ~ 3700 with strong lasing directionality once pumped above threshold [108]

2.2.2 Perovskite Thin-Films

Based on Fig. 2.7b, lasing from Perovskite Thin Films (PTFs) account for nearly
a-third of total published reports, partly due to their fame in solar cells. Unlike PSCs,
PTFs are polycrystalline in nature, where “monocrystalline islands™ called grains
are separated by grain boundaries (pinholes) [109]. As seen in the top wing (black),
PTFs conventionally synthesized in the early days are directly spincoated (under inert
nitrogen environments [110]) from dissolved precursors and subsequently thermal
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annealed at ~100 °C to ensure complete solvent evaporation [111-113]. However,
studies showed that the films suffer from (i) incomplete film coverage [101, 114, 115]
and (ii) film inhomogeneity due to abundant grain boundaries [109]. In particular,
abundant grain boundaries causes generally smaller grains and are shown to be
responsible for undesirable carrier quenching [116, 117], which greatly hinders PTF
lasing [20, 118]. Furthermore, the potential of PTFs is plagued by ambient moisture
instability [31, 119] and halide ion migration issues [36, 120, 121].

Eventually, two modifications: (1) anti-solvent treatment and (2) hot-casting were
proposed to maximise grain sizes and reduce grain boundaries [114]. In 2014, Jeon
et al. [122] introduced the addition of anti-solvents such as toluene [110, 122] or
chlorobenzene [74] during mid-stage of spincoating, as shown in the middle wing
(blue) of Fig. 2.10. During the spincoating of CH3;NH3;PBI; PTFs, the addition of
toluene causes MAI and DMSO molecules to intercalate between the Pbl, layers, thus
forming a flat and uniform intermediate MAI-Pbl,-DMSO phased film. Upon post
thermal annealing, evaporation of DMSO from the intermediate film facilitates the
formation of flat and relatively homogeneous CH3; NH3PBI; films, with larger grains
of ~500 nm [122] that were reportedly reproducible [110]. Alternatively, hot-casting
was proposed by Nie et al. [101], as shown in the bottom wing (red) of Fig. 2.10.
Here, pre-heated substrates were used during precursor deposition and spincoating
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Anti-Solvent . /
R Tads
Treatment 4 ‘
\.—-ll' — —

Hot-Casting E
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Anti-solvent drip Annealing

v
Substrate-film cooling

As Cast 130°C 170 °C 190 °C

~180°C

Pre-heated substrate D

Temperature

Fig. 2.10 An overview of spincoated PTFs. Black (Conventional): direct spincoating of AX and
PbXj dissolved precursors onto a clean substrate followed by post thermal annealing up to 1 h. Blue
(Anti-solvent treatment [122]): modified method where non-polar antisolvents such as toluene is
dripped midway during spincoating. Red (Hot-casting [101]): another modified method in which
the substrate is pre-heated on a hotplate at ~180 °C and dissolved precursors are swiftly spincoated
and left to cool
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to allow solvent retainment that permits prolonged self-assembly of Perovskite crys-
tallisation during spincoating [101]. Giant ~1-2 mm grains of CH3NH3PbClI;_
PTFs were reported via the hot-casting pathway [101]. Subsequently, a study of
correlation between PTF morphology and optical gain constants were conducted by
Lafalce etal., who uncovered that chloroform-treated CH; NH3; PbBr3; PTFs possessed
twice as much unsaturated gain coefficient (~315cm~!) and lower lasing ASE
pumping thresholds than its untreated counterpart [ 123]. He proposed that this is due
to the synergistic combination of (i) reduced pump scattering (optically smooth), (ii)
overall higher PLQY and (iii) reduced waveguiding losses in the chloroform-treated
CH;NH;PbBr; PTFs [123]. In Chap. 3, we shall introduce nanoimprint lithographic
[96] and inkjet printing [98] approaches for producing well-controlled and optically
smooth PTFs required for fabricating low threshold Perovskite ASE and lasing [96,
98, 124].

In 2014, Xing et al. was the first to show remarkably stable ASE (~788 nm)
up to ~24 h in conventionally spincoated CH3;NH3Pbl; PTFs, excited using 150 fs
600 nm pulses [6]. As shown in Fig. 2.11, an ultralow ASE pumping threshold of
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Fig. 2.11 Early reports of optically pumped ASE and lasing in CH3NH3PbX3 PTFs via fs pulses. a
First report of red-shifted ASE with b a clear pumping threshold feature in spincoated CH;NH3 Pbl3
PTFs [6]. ¢ Tunable ASE along visible range in spincoated PTFs via halide substitution [6]. d First
proof-of-concept lasing in CH3NH3PbClxI3_x PTF based VCSEL [125]. e The first CW-pumped
distributed feedback (DFB) lasing operating at 160 K [18]. The cross-sectional scanning electron
micrograph (SEM) shows CH3NH3PbI3 layer being deposited onto an etched alumina (Al,O3)
grating. Stable single-mode lasing lasting up to ~1 h under CW pumping was recorded
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~12nJ cm~2 and widely tunable ASE across the various halide substituted films
were reported in room temperature conditions of 300 K [6]. Furthermore, lasing
was also observed from CH3;NH;Pblj; single crystals. Deschler et al. demonstrated a
prototype VCSEL based on CH3NH;3PbCl,I;_x PTFs [125], as shown in Fig. 2.11d.
Owing to its versatility as a family of low threshold and emission tunable gain
media, it sparked widespread research interest that subsequently aimed at further
lowering pumping thresholds and maximising the net gain coefficients. Later in
2017, Jia et al. demonstrated the first CW-pumped DFB lasing, operated at 160 K
[18], as shown in Fig. 2.11e. From the scanning electron micrograph presented, the
device is constructed with a CH; NH;Pbl; film layer deposited onto a thin corrugated
alumina Al, O3 layer [18]. From the lasing spectra, a corresponding lasing linewidth
~0.25 nm (Q ~ 3120) was obtained and that a far-field spatial profile (not shown
here) confirmed its 2nd order lasing emission [18]. By operating near the phase-
transiting (162.2 K) temperature of 160 K, local heating imparted by the excitation
pulse triggers the back-formation of tetragonal phases kinetically “locked” within
the surrounding orthorhombic bulk environment, which in turn creates a carrier-
funnelling effect from the orthorhombic phase to the “locked” tetragonal phase. As
such, Jia et al. proposed that the lasing originates from the carrier build-up in the
“locked” tetragonal phase [18].

Room temperature ASEs in formamidinium lead bromide (FAPbBr3) [126] and
CsPbX; [127] PTFs were also reported in 2016 and 2018, respectively. Specifically,
due to the poor solubility of CsX salts in its aprotic solvents, CsPbX3 PTFs are
fabricated via a dual-sourced thermal evaporation method [127] instead of convention
spin-coating means to prevent incomplete film coverage and pinhole problems [128].
In doing so, an ultralow threshold of ~3.3 uJ cm~? (Fig. 2.12a), an unsaturated net
gain coefficient of g ~ 324cm~! (Fig. 2.12b, ns pumped) with stable ASE output
lasting over 7 h were reported in the CsPbBr; PTFs [127]. Spectral tunability of ASE
in evaporated CsPbBryIs_x PTFs are shown in Fig. 2.12c.

In 2019, Pourdavoud et al. introduced thermal imprint (150 °C, 100 bar)
onto as-spincoated CsPbBr; PTFs to form homogeneous surfaces with ~pm
grain sizes and complete film coverage [129]. Here, ultralow ASE threshold
of ~12.5nJ cm™2 was reported, while DFB and VCSEL lasing thresholds and
linewidths of (~7.8 wJ cm™2, 0.14 nm) and (~2.2 wJ cm ™2, 0.07 nm) were reported
respectively [129]. Interestingly, it was suggested that apart from film morpholog-
ical optimisation, the co-existence of cubic and orthorhombic CsPbBr; phases at
room temperature led to a natural energy cascade for favourable exciton-transfer
processes that aids in ease of accumulation of population inversion [127]. On the
other hand, optically smooth and homogeneous FAPbBr; PTFs were reported by
Neha ¢ 4. in 2016, where precursors of FABr and PbBr, are readily dissolved in
a mixture of aprotic DMSO 4 DMF (1:1 vol. ratio) solvents. Here, the presence
of mixed DMSO + DMF solvents collectively enhances precursor dissolution and
subsequently help to slow down the convective self-assembly during spincoating by
slowing down the growth of Perovskite crystallites over longer period of time to
foster uniform film morphology [126]. As early as 2015, Stranks et al. demonstrated



2.2 Optical Gain in Perovskite Morphologies 37

a y At b
f a @0
L \ ? . .
I H 1 250 a? . 18 c
f @ -
1a J b 1
3 : | - Eactaton ssnaay an 1 uend|  §
- 14 £
T Al 5 oo rs E
P S S Ol =124 08 e o4
§ S0’ L4 E
» 8z
s 0| eeee®
a0 0 830 - 200 = e
Waelengeh [vn)

d l Prewure 00 b e

pristing

stamp
S Mg . 4
- ’ A e S
] 475 525 575 825 -y o0 sh0 s0e o
3 . Wavelength (rem)

[
Wavelength / nm Pump Pulse Flusace juicm’,

Intensity / a.u

E
o
-] ’ﬂ o PADy 4 72 ydiem”

Fig. 2.12 Room temperature ASE observed in CsPbBr3; [127] and FAPbBr3 [126] PTFs. In dual-
source thermal evaporated CsPbBrz PTFs, a a red-shifted ASE with threshold of ~ 3.3 nJ cm™2,
b ns-pumped unsaturated gain coefficient of g ~ 324 cm™! are reported. ¢ ASE tuning via halide
substituted groups in CsPbBrxI3x PTFs. d Schematic of thermal imprint stamping of as-spincoated
CsPbBr3 PTFs, leading to films with greater surface coverage and optical smoothness. e Fluence
dependent red-shifted ASE spectra, with inset showing the atomic force microscopic (AFM)
image of the thermally stamped film morphology. For FAPbBr; PTFs, precursors are dissolved
in equal volumes of DMSO + DMF. f SEM image of a FAPbBr; PTF spincoated onto meso-
porous TiO, substrates. g Its corresponding fluence dependent ASE spectrum, showing threshold
of ~190 wJ cm~2 and h FWHM narrowing

the potential of PTFs to be applied in areas of wearable optical devices. Essen-
tially, the report showed that polymethylmethacrylate (PMMA) coated CH3;NH3Pbl;
film sandwiched between a gold (Au) metal and cholesteric liquid crystal (CLC)
reflector produced the so-called “enhanced ASE” (Fig. 2.13a) as a result of further-
narrowing of the ASE linewidth due to etalon waveguiding mechanisms [130]. Under
ns-pumping, a reduced threshold of ~7.6 uJ cm~2 with enhanced emission stability
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Fig.2.13 a ns pumped “Enhanced ASE” in CH3NH3Pbl; PTFs for flexible optoelectronics
achieved via optimisation of waveguide in using CLC reflectors and PMMA surface coating [130].
Owing to the passivating effects of PMMA, the “enhanced ASE” becomes b more stable over time
and possess ¢ greater unsaturated gain coefficient than its unpassivated counterpart [131]
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Fig. 2.14 a Spectral tuning and b stable ASE over prolonged ~fs pulsed excitation in mixed FA-
NMA RPP films [30]

(Fig. 2.13b) and unsaturated gain coefficients (Fig. 2.13c) were all observed, as
a result of PMMA protection [130, 131]. Greater waveguiding effects leading to
modal confinement was also reported separately in “substrate-Perovskite-PMMA”
structures than in bare surface unpassivated PTF [131, 132].

Lastlyy, ASE was also observed in mixed Formamidinium-
Napthylmethylammonium (FA-NMA) based RPP films, with ASE pumping
thresholds <20 uJ cm™2 and easily tuned across the green-NIR range via halide
substitution (Fig. 2.14a), with stable ASE operating up to 30 h (Fig. 2.14b [30].
While the report showcases the robustness of RPP films as stable and low threshold
gain media, its underlying light amplification mechanisms and carrier dynamics
remains to be further explored. Generally, RPP films are stable materials that have
also found other niche applications in solar cells [31, 133], photodetectors [134,
135], FETs [136], LEDs [137-141], lasing [30, 142, 143] and even sensors [144]
recently.

2.2.3 Perovskite Micro- and Nanoplatelets (PMPLs
and PNPLs)

Perovskite platelets are two-dimensional physical morphologies, which adopts a
planar shape with spatial confinement along the crystallite’s thickness. Interestingly,
this spatial confinement of photoexcited charge carriers and optical modes are respon-
sible for the ease of ASE and lasing observations. Perovskite microplatelets (PMPLs)
are micron-sized planar crystallites with sufficiently large dimensions to localise
and recirculate optical modes that leads to WGM lasing mechanisms. However,
similar localisations cannot be replicated in Perovskite nanoplatelets (PNPLs) as
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its ~10' nm dimensions are unable to support optical feedback for modes reso-
nant along 10°> nm. Generally, PMPLs and PNPLs can be synthesized in several
methods [145]: (i) solution-processing [146—149], (ii) Chemical Vapor Deposition
(CVD) [150-152], (iii) solution-vapor phase methods [153] and very recently, (iv)
nanoimprinted methods [154]. In the following, readers may find that Perovskite
microplates are sometimes termed as “single-crystalline”, often due to its similar
synthetic approach to its bulk PSC counterparts. To illustrate this, Fig. 2.15 shows
an overview of multiphoton pumped ASE and single mode WGM lasing in solution
processed PMPLs. Figure 2.15a—d shows the 2PP ASE in inverse temperature crys-
tallised (ITC) CH3NH3PbBr; PMPLs. Unlike the bulk PSC formation, a magnetic
stir bar is additionally inserted to disrupt the giant seed crystal formation so as to
generate more nucleation sites to favour PMPLs formation with smooth surface and
facets [148]. Figure 2.15c shows the onset of 2PP ASE excited by 800 nm fs-pulses
beyond the threshold of ~2.2 mJ cm™2 [148]. Again, the visually blue-shifted ASE
narrowband relative to the PL band is a result of an already relatively red-shifted
bulk emission (relative to surface emission) due to reabsorption effects. Yang et al.
explains that the ease of 2PP ASE relative to 1PP ASE is due to the former’s volume
excitation nature instead of the latter’s reliance on slow surface photon diffusion
during the avalanche stimulated emission stages [148]. Spatially, neighbouring seed
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Fig. 2.15 2PP ASE/lasing in solution-processed Perovskites Platelets. a Schematic of the stirring-
assisted inverse temperature crystallised (ITC) CH;NH3PbBr; PMPLs. b SEM image showing
smooth surfaces and facets [148]. ¢ Pump dependent ASE spectra of CH3NH3PbBr3 PMPLs [148].
d Tunable ASE via halide substitution in the ITC growth phase. e Schematic of the ligand-assisted
reprecipitated (LARP) CsPbX3 PMPLs with large edge lengths ~400-800 nm. f Pump dependent
WGM lasing spectra in ~500 nm sized CsPbCIBr, PMPLs at 77 K, where a simulation of its
modal electric field distribution confirms WGM lasing mechanisms. g verification of 2PP induced
lasing via lasing intensity scaling quadratically with pumping fluence. h The statistical relationship
between number of lasing modes, microplatelet size and thresholds [146]
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photons within its volume excitation can take part to seed the avalanche stimu-
lated emission [148]. Figure 2.15d illustrates the robustness of tunable upconverted
ASE in these “single-crystalline” PMPLs. Single mode WGM lasing in Ligand-
Assisted Re-Precipitated (LARP) CsPbCIBr, PMPLs has also been observed by
Huang et al., as shown in Fig. 2.15e—g [146]. Contrary to the ITC approach, the
LARP approach relies on stringent surface chemistry via ligands, where the swift
injection of dissolved precursors into toluene in the presence of Oleylamine (OAm)
and Oleic acid (OA) ligands allow for the formation of large square CsPbX3 PNPLs
with edge lengths of ~400-800 nm. Figure 2.15f shows the onset of WGM lasing in
CsPbCIBr; under 2PP regime at 77 K conditions, with a threshold of ~5 pJ cm™?
(and ~60 pLJ cm~2 at 293 K) [146]. Its corresponding resonant modal electric field
distribution is shown in the right inset, which further affirms WGM lasing mecha-
nisms [146]. Figure 2.16g confirms the evidence of 2PP excitation induced lasing due
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Fig. 2.16 Schematic of a ternary and b mixed halide quaternary PMPLs grown via one and two-
step CVD, respectively [150]. ¢ Schematic illustrating the optical feedback path of WGM lasing
mechanisms in hexagonal CH3NH3Pbl; PMPLs and d its respective simulated TE and TM waveg-
uided modal electric field distributions. e Pump dependent WGM lasing spectra, with inset showing
threshold feature (left inset) and drastic carrier lifetime shortening once above lasing threshold exci-
tation. f Spectrally tunable WGM lasing in CVD grown PMPLs on mica substrates, characteristically
waveguided along TM modes [152]
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to the quadratic slope relation between lasing intensity with respect to the pumping
loglem

fluence, where v = TosTe " Lastly, Fig. 2.15h illustrates the statistical relation between
a PNPL’s edge length, number of lasing modes and its corresponding threshold value.
As expected, the larger the PNPL'’s size, the greater the number of participating lasing
modes with lower corresponding lasing thresholds. Huang et al. explains that while
this shows that multimodal WGM lasing is easier achieved in larger sized PNPLs
due to lower thresholds, but the main interest is still to pursue single mode operation
in nanoscale structures to match the purpose of miniaturization and stabilization of
devices. Finally, highly polarised transverse electric (TE) and magnetic (TM) WGM
lasing in RPP microplatelets have also been observed and was first reported by Li
et al., possessing ultralow threshold of ~8 j1.J cm ™2 with robust lasing stability up to
~10 h, under conditions of room temperature ~fs pulsed excitation conditions [147].

Chemical Vapor Deposition (CVD) is another often employed technique to reli-
ably synthesize high quality two-dimensional materials with controllable sizes and
thicknesses [145]. Thus, CVD grown PMPLs have also yielded positive results and
hold the advantage to be easily transferrable into on-chip integrated photonic circuits
for lasing application, where exploration into potential electrically driven Perovskite
platelet WGM laser devices can open doors to applications such as optical sensing
[155]. In Zhang et al.’s report on WGM lasing in PMPLs, the samples are in fact,
CVD grown [151]. A schematic describing the CVD growth of ternary PMPLs and its
mixed halide quaternary variants are shown in Fig. 2.16a and b, respectively [150].
Here, Hossain et al. shows that the mixed halide CsPbX;3_,, Yy, can be acquired
simply through sequential two-step alloy growth of its ternary constituents followed
by interdiffusion within the CVD chamber tube [150]. Interestingly, early reports
of CH3NH;Pbl;_, Yy PMPLs grown on muscovite mica substrates also showed that
tuning the halide component would also tune its resultant shape, from triangular to
hexagonal [151]. Figure 2.16¢ and d illustrates the optical feedback path leading to
WGM lasing in CH3;NH;3Pbl; PMPLs as well as its corresponding TE and TM modal
electric field distribution profiles, respectively [151]. Under ~ fs pulsed excitations,
lasing thresholds ranging from ~37—128 uJ cm™2 were observed in these hexagonal
CH;NH;Pbl; PMPLs, as shown in Fig. 2.16e. Similar efforts to grow uniformly
square-shaped CsPbX; PMPLs tunable across the visible range with average Q-
factor reaching as high as ~4800 has been reported, as shown in Fig. 2.16f. In this
work, CsPbX3; PMPLs with edge length spanning from ~9 to 29 um and lasing
threshold down to ~2 J cm~2 has been observed [152]. Atomically smooth trian-
gular CH3;NH;3Pbl; PMPLs with lower WGM lasing thresholds and higher Q-factor
have been proposed, where initial CVD-grown triangular Pbl, templates on mica
substrates are subsequently converted into triangular shaped CH3;NH;Pbl; PMPLs
with surface roughness lesser than 2 nm [156]. Interestingly, another form, called
polariton lasing has been observed in CVD-grown PNPLs by Rui etal. in 2017 [157].
Here, it was reported that these CsPbCl; PNPLs could produce ultralow polaritonic
lasing thresholds of ~12 uJ cm™ that emits in the deep-blue range [157]. As we will
see in Chap. 3, the polaritons are coupled light-carrier quasi-particles that produces
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coherent emission via polaritonic condensate instead of the usual photonic popula-
tion inversion mechanisms which in turn accounts for much lower lasing thresholds
than photon lasing.

Another report has also shown a similar “two-step” solution-vapor phased
method for synthesizing hexagonal CH3NH;3Pbl; microdisks (PMPLs), as shown
in Fig. 2.17a [153]. In the first step, a preliminary CH;NH;3Pbl; PTF is acquired
via conventional spin-coating means and followed by the second step, in which the
CH;NH;Pbl; PTF is transferred into a horizontal tube reaction chamber to facili-
tate its MPLs self-assembly mechanisms [153]. Figure 2.17b shows that under Q-
switched ~ns pulsed excitation, low ASE pumping thresholds along several tens of
~nJ ecm~2 can be achieved. Figure 2.17¢ shows that multimodal WGM lasing with
similarly low thresholds are obtained under confocal microscopic excitations. Both
measurements showcase that solution-vapor phased synthesis is possibly another
reliable synthetic route for engineering robust PMPL-based lasers.

Preliminary attempts to construct CH;NH3;PbX; PMPL-based laser arrays was
achieved via NIL for both multimodal [158] and single-modal WGM lasing opera-
tions [154, 158]. Figure 2.18a and b shows a schematic (left) and a close-up false
coloured SEM image of the actual fabrication, as well as limited spectral tunability
along green-NIR ranges, respectively [154]. Ultralow lasing thresholds in both ~
fs pulsed and ~ns pulsed excitations at 7 wJ cm~2 and 150 uJ cm~2 were observed,
respectively [154]. Such results highlights the potential path forward in developing
reproducible and uniformly sized and edge-to-edge smooth microdisk arrays suit-
able for integration into on-chip devices [154]. In particular, the ability to control the
disks’ edge roughness is important because from a device standpoint, edge roughness
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Fig. 2.17 Evidence of ASE and lasing in self-assembled CH3NH3Pbl3 microdisks [153] via a the
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Fig. 2.18 Single-mode WGM lasing operation of CH3NH3PbX3 microdisks synthesized via
a nanoimprint lithography assisted with laser ablation (NIL) [154]. b Single-mode lasing in
CH3NH3Pb(Br/I)3 microdisks under sub-ns pulsed excitations with thresholds along 102 pJ em™2.
¢ Size-dependent single-mode lasing in the CH3NH3Pbl3 microdisks

significantly impacts the WGM recirculation and inhibit side modes from partici-
pating in laser oscillations. Here, an unsaturated gain coefficient ~200 cm™! is esti-
mated, which is consistent with other experimentally determined single-crystalline
morphologies. In a similar attempt, Feng et al. also successfully created a WGM
based microlaser array consisting of tessellated microplates with uniform size and
precise structural localisation using an interesting “liquid-knife” strategy [159].

2.2.4 Perovskite Micro- and Nanowires (PMWs and PNWs)

Perovskite wires are one-dimensional physical morphologies, which adopts arod-like
shape with two degrees of spatial confinement. Fabry—Perot lasing can easily occur
in Perovskite microwires (PMWs) and nanowires (PNWs) due to longitudinal optical
feedback occurring between the rod structure’s end facets, repetitively (see Chap. 1
Fig. 1.4). Interestingly, WGM lasing can also occur in PMWs, where transverse
optical feedback occurs along the rod’s circular cross-section instead [160]. Similar
to its platelet counterparts, PMWs and PNWs possess strong anisotropy [145], which
makes them effective materials that can be applied in biosensing, ultra-resolution
imaging, catalysis and medical diagnosis [161, 162]. Generally, PMWs and PNWs
are also solution-processed [55, 59, 163] or CVD (vapor-phase) [164] grown, either
directly or post-synthetically transformed [145].

In 2015, Zhu et al. was the first to demonstrate record-low Fabry—Perot lasing with
threshold down to ~600nJ cm™2 in solution-processed CH3NH;PbX3; PNWs [55],
as shown in Fig. 2.19a, b. In the insets, SEM images revealed smooth surfaces and
facets, which serve as low-loss high Q-factor that contributes greatly to the observa-
tion of ultralow lasing thresholds [55]. Furthermore, bright resonances localised at
both end-facets shown in its optical images confirm longitudinal waveguiding effects
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Fig. 2.19 Fabry—Perot lasing in CH3NH3PbX3 PNWs. a A schematic of the home-built far-field
micro-PL excitation geometry, with inset showing SEM image of the PNWs. b The pump dependent
lasing spectra of CH3NH3Pbl; PNWs, showing record low 600nJ cm~2 lasing threshold with
Q ~ 3600. The inset show optical images recorded when the PNW was pumped below (top) and
above (bottom) lasing threshold. ¢ CH3NH3PbX3 PNW Laser’s emission tunability upon halide
substitution

arising from Fabry—Perot lasing mechanisms [55]. Figure 2.19¢ shows the halide-
substituted partial lasing emission tunability in CH;NH3;PbX3 PNWs, ranging from
turquoise to NIR [55]. Similar lasing actions were also observed in CVD grown
CH;3;NH;3Pbl; PNWs of ~20um long [164] and low threshold (~674 wJ cm™2)
2PP lasing in solution-grown CH3NH3;PbBr; PMWs [59]. Selective Fabry—Perot
lasing while suppressing inevitable competition from WGMs have been achieved
by employing higher refractive index substrates to prevent total internal reflection
induced waveguides [162]. In this work, Wang et al. reports uniform microlaser
arrays based on CH3;NH;PbBr; PMWs embedded on silicon chips [162].

For the Formamidinium variants, it was determined that CH;NH3Br can be used
as a stabilising additive to improve the crystallinity of FAPbl; PNWs after thermal
conversion, and would lead to lower lasing thresholds [163]. Figure 2.20a shows
the onset of lasing in a CH;NH;3;Br-FAPbBr; PNW, where the bottom and top inset
shows the respective optical images when the PNW is excited below and above
threshold. Again, the end-facet resonances verify Fabry-Perot lasing mechanisms.
Interestingly, the work also compared and demonstrated the inverse relationship
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Fig. 2.20 Fabry—Perotlasing in CH3NH3Br-FAPbX3; PNWs [163]. a Emission spectra of FAPbBr3
NW below and above lasing threshold excitations. Inset shows optical images of the excited PNW
at above (top) and below (bottom) thresholds. b A comparison of lasing photostability in PNWs. ¢
Tunable lasing emission in mixed cationic (MA/FA)PbX3_,n Y NWs

between lasing thresholds recorded against its lasing stability in both CH3;NH;3Pbl;
and FAPbI; PNWs. As shown in Fig. 2.20b, while pure FAPbl; NWs suffered from
higher lasing threshold, it possessed longer photostability than CH3;NH;Pbl; PNWs,
and the converse is also true [163]. Lastly, Fig. 2.20c shows the other degree of lasing
emission tunability in PNWs by combining both cationic and halide substitutions
[163]. In this work, Fu et al. proposed to explore the feasibility of double cationic
mixed (MA/FA)PbX;_,, Y, that can also aid in lowering photoexcitation induced
ion-migration [165] effects [163].

Widely tunable Fabry—Perot lasing via vapor-phased converted CsPbX; PNWs are
also subsequently observed, as shown in Fig. 2.21. Essentially, a direct synthesis of
mixed halide systems in such fully inorganic systems are challenging, due to it being
thermodynamically favourable to form a §-phased CsPbl; side-product. A schematic
of the vapor-conversion synthesis is shown in Fig. 2.21a. Interestingly, they showed
Fabry—Perot lasing in deep-blue emitting CsPbCl; NWs, which has yet to be seen
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Fig. 2.21 Fabry—Perot lasing in CsPbX3 PNWs. a Schematic of the vapor-phase conversion in
synthesizing CsPb(Br/I)3 NWs. b Emission spectra of CsPbClz deep blue-emitting below and above
lasing threshold excitations. Inset shows the end-facet resonances characteristic of axial waveg-
uiding that gives rise to Fabry—Perot laser mode oscillations. ¢ The CsPbX3 NW laser wavelength
tuning based on halide substitution

in the hybrid (MA and FA variants) PNWs. Lastly, similar halide-substituted lasing
emission tuning is shown in Fig. 2.21c.

Lastly, Perovskites nanowires are excellent testbeds for studying polaritonics, due
to its their naturally high oscillator strengths and strong photon confinement induced
by the strong material anisotropy [166]. Thus, intensive efforts have been placed
into uncovering the relative interplay between exciton-photon coupling [166—169]
and exciton—polariton coupling [168, 170] that effectively leads to photonic lasing
instead of polaritonic lasing. Alternatively, plasmons [171] have also been suggested
to be the underlying mechanism responsible for the direct observation of Fabry—Perot
lasing in these PMWs and PNWs. Due to the scope of this Section, we shall revisit
the various debated lasing/optical gain mechanisms in these Perovskite wire-like
systems in Chap. 3.
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2.2.5 Perovskite Micro- and Nanocrystals (PMCs and PNCs)

With reference to Fig. 2.7b, the Perovskite micro- (PMCs) and nanocrystalline
(PNCs) morphologies are also commonly employed in optical gain studies,
comprising up to nearly a-third of the entire compiled reports. Similarly, PMCs
are also often referred as “single-crystalline” microcubes/cuboids due to its simi-
larity towards its bulk single crystalline counterparts in terms of synthetic routes and
properties [172]. In 2016, early reports of PMC lasing often demonstrated frequency
upconverted WGM lasing under multiphoton excitations [173—175]. For instance,
single mode Fabry—Perot lasing arising from blue-emitting CsPbCl; PMCs excited
using 2PP up to 6PP was first observed by Yang et al., albeit at 215 K, as shown
in Fig. 2.22 [175]. Notably, each regime’s non-linear absorption cross-sections were
measured to be extremely large, which contributed to the ease of lasing buildup.
WGM lasing mechanisms are also naturally attainable due to total internal reflec-
tion allowed along its cross-sections [6, 153], as illustrated in Fig. 2.23a [176].
Depending on the excitation geometry (not shown here), the choice of macroscopic
and microscopic excitations can lead to ensemble ASE or single PMC WGM lasing,
respectively [153]. In a report by Zhou et al., a CsPbBr; PMC with edge length ~2.2
pwm demonstrated single mode WGM lasing with a threshold of ~17 pJem™2 and
a corresponding Q-factor ~8500 under ~fs pumping condition [176]. In addition,
similar lasing was observed even under ~ns laser excitation conditions of 355 nm,
1.1 ns and repetition rate of 20 kHz, despite imparting more thermal effects (local

Table 1. Muitiphoton Absorption Coefficients of CsPbCly; Microcrystals at Room Temperature

Multiphoton Excitation 2PA (em/GW) 3PA (em’/GW?) 4PA (em® /GW?) 5PA (cm” /GWY) 6PA (em” /GW?)
Wavelength (nm) 800 1200 1 600 1800 2200
Intensity [, (GW fem?) 47 12 57 90 160
[} 3.8 0.089 1.1 =107 23x10 1.1 =107
10 60 -
:' o ;. _e, . / ;l? ///
< § Y/ | 99 -
> é | \\ / | g . 40 5 =
3 g ¥4 ['€| 5 40 =3. .
g E| An-12muem?) ﬁ Slope=3.8 =
o 2| e — b | /..-‘ 3 § 3Anm
c 0.5} B F] ] < 30+ L - I
- Pump power imJicm’) ’_/. 5 - I -‘&\
2 201 * gl /]
5 : i)
$ i |
= —— 423 a2 429
02 . ) ; e c . " y Waveleggth (nm) ,
15 420 425 430 435 6 8 10 12 14 16
Wavelength (nm) L (um)

Fig. 2.22 Single-mode Fabry—Perot Lasing at the end-facets of an isolated CsPbCls PMC end
facets. Top inset shows the SEM image of CsPbClz PMCs. The table summarises the huge optical
non-linear absorption constants from 2 to 6PA regimes [175]
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Fig. 2.23 WGM Lasing in CsPbBr; PMCs [176]. a Schematic of WGM lasing under single photon
pumping regime. b Fluence-dependent lasing spectra of an isolated CsPbBrs PMC and c size-
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temperature and increased lasing thresholds) to the PMC [176]. Interestingly, size-
dependent tunable WGM lasing finetuned along 530-545 nm were found possible
over a range of CsPbBr; PMC edge lengths ~1.1 to ~2.4 pm [176]. Generally, the
relation between resonant lasing position and edge length can be expressed as [177]:

L
2212 — 5, 2.3)
m

where n, L, m are the material refractive index, edge length and mode order number
while A, is the corresponding mode resonant wavelength for lasing. Especially for
smaller sized microcavities that supports single mode, its mode number m remains
unchanged and the resonant lasing position 1, is seen to scale linearly with edge
length L [176].

Recently in 2019, VCSEL lasing in RPP based (PEA),Cs,_Pb,Br3,,; PMC
microcavities were also reported, with relatively low ns-pumped lasing threshold
at ~500 nJ cm™~2 [143]. In this work, Zhai et al. attributed the success to the excel-
lent passivation of surface trap states through long chain Phenyl-ethyl ammonium
ligands (PEA). One interesting way of further lowering lasing thresholds in PMCs
was through the introduction of detachable aluminum nanoparticle based substrates
in an effort to promote stronger modal spatial confinement and near-field enhance-
ments along the metal-Perovskite (dielectric) surface to combat optical losses. Here,
Chen et al. found a ~27% reduction in lasing threshold accompanied by an ~tenfold
increase in stimulated emission rates in CH;NH;PbBr; PMCs [178].

PNCs, with their high PLQY and strongly excitonic properties, are attractive
candidates for lasing applications [25, 52]. Strictly, one should avoid using the terms
nanocrystals and quantum dots interchangeably. Nanocrystals describe small crys-
tallites with dimensions usually smaller than 10 nm while quantum dots refer to
extremely small nanocrystals that receives strong quantum confinement effects as a
result of having dimensions comparable or smaller than its characteristic exciton bohr
radius. For convenience of reference, several useful constants including the exciton
bohr radii for common lead halide Perovskites are listed in Table 2.3. The terms E,,
E g‘ , Thy €00, (M) and (m) refers to the material bandgap, excitonic binding energy,
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Table 2.3 Summarised table of constants in both Fully-Inorganic and Hybrid PNCs

EgleV EX/meV | rpinm \ oo \ (m?) \ (m?)

Fully-inorganic Perovskite

CsPbCl3 3.02 72 2.5 4.07 0.17 0.20
CsPbbrs 2.20 38 35 4.96 0.14 0.15
CsPbbl; 1.64 20 6.0 6.32 0.13 0.11
Hybrid organometallic Perovskite

CH;3NH3PbCl3 2.88-3.10 50-69 - - 0.47 0.34
CH;3NH3Pbbrs 2.30 40-76 2.0 3.29 0.23 0.21
CH;3NH3Pbl3 1.60 13-50 22-2.8 6.5 0.29 0.23

excitonic bohr radius, dielectric constant and effective hole and electron masses,
respectively.

One major advantage of PNC emitters is its lasing emission tunability. Apart
from direct halide substitution in early synthetic preparations, post-synthetic anionic
exchange treatments have been shown possible due to their colloidal nature, with
the cited advantage of retaining “parent” ensemble size-distributions and physical
shapes with excellent reproducibility [51, 179—182]. In practice, such versatility
presents PNCs as an attractive class of Perovskite lasing materials that offers a spectral
coverage broader than the National TV System Committee (NTSC) display standards,
as shown in Fig. 2.24. Generally, PNCs are synthesized either via (I) Ligand Assisted
RePrecipitation (LARP) [24] or (II) Hot-injection methods [24, 183], depending on
the chosen precursor salts’ degree of solubility in aprotic solvents. CsPbX3; PNCs
adopts the hot-injection route (Fig. 2.24a) as CsX salts are much less soluble than
PbX; salts in aprotic solvents like DMF and DMSO. Thus, the Cs-source and PbX,
salts must be separately dissolved, with the former provided by Cs,COj3 that is
initially reacted into a Cs-Oleate. Next, the Cs-Oleate will then be swiftly injected
into the reaction flask containing dissolved PbXj salts in the presence of ligands such
as Oleylamine (OLA) and Oleic Acid (OA). On the other hand, since both CH3NH3X
and PbX; salts are extremely soluble, they can be homogeneously dissolved in its
aprotic solvents and subsequently directly injected into the non-polar “bad” solvent
such as toluene (LARP, Fig. 2.24d). While LARP seems more convenient based on
these descriptions, it has several disadvantages in comparison to PNCs fabricated by
hot-injection. Firstly, remnant unreacted aprotic solvents can easily attack the PNCs
and degrade its overall colloidal stability and cause the material’s lasing thresholds
to increase arbitrarily [184, 185]. In fact, a study revealed that common solvents like
DMSO and THF form coordinating complexes with the Pbl, precursor salts that result
in PNCs with defective surfaces and volume vacancies, while y-butyrolactone and
acetonitrile are found to be better and noncoordinating alternatives [186]. Secondly,
DMF and DMSO are toxic, thus making LARP an unsafe route when considering
up-scaling for future productions [186].
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Fig. 2.24 Synthetic protocols, colour gamuts and ASE spectra in fully-inorganic and hybrid
Perovskites. a—¢ The hot-injection schematic, tunable emission coverage [183] and ASE spectra of
CsPbX3 PNCs [52]. d—f The LARP schematic, tunable emission coverage [24] and ASE spectra of
CH3NH3PbBr3 PNCs [25]. Generally, both classes of PNCs provide spectral coverages even wider
than NTSC display standards [38, 53]

Other post-synthetic anionic exchange routes include the so-called immobilised
“dry” solid-state reaction of PNCs via potassium halide salt (KX) matrices [180]
and also photo-induced reductive dissociation of PNC halide ions using various
dihalomethane [182], although tunable ASE and lasing characterisations remain to
be verified. Nevertheless, they imply that PNCs hold great potential for tunable laser
wavelength division multiplexing (WDM) for optical communications and network
[187].

Interestingly, several studies were conducted, mostly to provide alternative path-
ways for tailored applications. For instance, Imran et al. introduced the use of
benzoyl-halides instead of toxic PbX, salts and to allow halide-tuning without
worrying about lead stoichimetries during hot-injection [188]. Mainly, this approach
allows for the formation of near-unity PLQY CsPbX3, CH3;NH3PbX3; and FAPbX5
PNCs with comparable ASE thresholds down to several wJ cm™2, as seen in Fig. 2.25
[188]. Another alternative to conventional PNC fabrication strategy, is the so-called
“in-situ” technique, where PNCs are fabricated on the spot with the intention to
confine the ensemble size within the growth process directly, allows for large-scale
production and has shown excellent photo- and electroluminescence properties [189],
all of which bodes well for electrically pumped lasing studies. This approach ranges
from molecular ligand engineering [116, 190-192] and in-situ fabrication of PNCs
embedded in polymer [193-195] and crystal matrices [196, 197]. Owing to its wide
range of synthetic approach, the “in-situ” fabricated PNC films can find applications
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Fig. 2.25 ASE of a CsPbBrz PNCs, b CH3NH3PbBr3 PNCs and ¢ FAPbBr3 PNCs synthesized
via hot-injection using Benzoyl halide precursors [188]. Inset shows the respective synthesized
ensembles under TEM

in back-light units for liquid crystal displays (LCD), integration into silicon detectors
for enhanced UV-detection and most importantly electrically pumped PNC lasing
by virtue of its strong electroluminescence [189].

PNCs also found their foothold in upconversion ASE and lasing, similar to its
PMCs counterpart and is due to its giant optical non-linearity. Generally, frequency
upconverted lasers serve in areas of non-invasive/destructive biomedical photonics
[57]. For instance, open aperture Z-scan measurements revealed a giant two-
photon absorption cross-section of 0224 ~ (1.0 £ 0.2) x 10° GM in BnOH-treated
CH3;NH;PbBr; colloids [25] and aazlf;A ~ 1.2 x 10° GM in CsPbBr; colloids [198],
as shown in Fig. 2.26. These 024 values are in fact larger than state-of-the-art red-
emitting CdSe QDs [199, 200] by an order of magnitude and contributes to ease
of acquiring population inversion, thereby relatively reducing 2PP ASE thresholds.
For reference, 2PP ASE thresholds of ~570 pJ cm™2 and ~2.5mJ cm ™2 in BnOH-
treated CH3NH3PbBr3 [25] and CsPbBr; [198] PNC films. Very recently, a large
B ~ 0.76 cm/GW accompanying an ultralow 2PP ASE and microcapillary WGM
lasing thresholds of ~300 wJ cm™~2 and ~310 J cm~2 was also reported in FAPbBr3

PNCs too [201].
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Fig. 2.26 Giant two-photon absorption cross-sections in a CH3NH3PbBr3 and b CsPbBr; colloidal
PNCs measured using the open-aperture Z-scan
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s 18 calculated using the position dependent transmission function
[202]:
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where z and zo are the scanning position relative to beam focus (z = 0) and the
Rayleigh range, respectively. As seen in Fig. 2.26, fitting the open-aperture Z-scan
data with Eq. (2.4), usually with up to the third order (m = 3) yields a value of g,

which allows us to next calculate the two-photon absorption coefficient f = [Z—OL,

where L is the cuvette thickness and Iy = is the excitation pulse’s peak

intensity [202]. Lastly, 2°4
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can be determined as follows [202]:
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where A, C and n, are the excitation wavelength, colloidal concentration, and
Avogadro’s constant, respectively.

2.3 Summary and Conclusion

In this chapter, we introduced the multitude of structural and morphological dimen-
sionalities that the Perovskite material can take. Structurally, Perovskites follow
a chemical formula of As_,BX¢_n, where m is its structural dimensionality and
dictates the number of directions in which the BX{~ octahedra could tessellate.
Next, we considered the various optical properties of Perovskites that make them
attractive gain media, such as low cost and facile synthesis, wide spectral tunability
and coverage, low gain thresholds and giant optical nonlinearity. Following on, we
discussed the general trajectory of Perovskite lasing research starting from 2014 till
2020, recognising that the end goal in this field is to construct a room-temperature
electrically driven Perovskite laser; realising and optimising CW pumped Perovskite
lasing while proposing various heat-sink strategies. In Sect. 2.2, we presented a broad
overview of ASE and lasing that is observed in all kinds of Perovskite morphologies,
ranging from bulk Perovskite single crystals to nanocrystallites. Lasing reports are
limited in bulk PSCs due to the inherent competition between bulk volume and surface
carrier effects. PTFs have seen vastly reduced ASE thresholds and boosted gain coef-
ficients when correcting film coverage and rectifying grain-boundaries. Lasing could
also be achieved with optical feedback occurring between end facets in microstruc-
tures without requiring any external reflective surfaces. Perovskite nanostructures
have demonstrated ultralow ASE thresholds at sub J cm™? orders, accompanied
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with strong optical nonlinearity that sets them high on the list of gain media for
frequency up-converted lasing applications.
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Chapter 3 ®)
Optical Gain Mechanisms ez
and Fabrication of Perovskite Lasers

3.1 Optical Gain Mechanisms in Halide Perovskites

In this section, we shall focus on the photophysics of optical gain in Perovskites.
Specifically, we are interested in using optical spectroscopy to uncover the underlying
carrier dynamics leading to the ASE or lasing in Perovskites. Thus, we begin by
introducing basic optical spectroscopic tools used in related studies in Sect. 3.1.1
while Sects. 3.1.2,3.1.3,3.1.4,3.1.5 and 3.1.6 discuss spectroscopic results providing
evidence for various optical gain mechanisms.

3.1.1 Spectroscopic Tools for Studying Optical Gain

A clear understanding of the underlying carrier dynamics in Perovskite gain materials
will provide valuable insights on device integration and optimisation. Since carrier
dynamics in materials span over wide (sub-pico, pico-, nano- and even micro-second)
timescales, excitation sources must be temporally faster than the specific process
under probe. As such, time-sensitive tools such as ultrafast optical spectroscopy
(UOS) are often relied on to conduct such studies. Essentially, laser pulses with
femtosecond time-widths and high peak instantaneous intensities serve as excitation
sources, of which one could perform both time-independent (Steady-state) and time-
resolved measurements. Usually, such studies begin with steady-state measurements
aiming to verify the existence of optical gain and its gain coefficients in Perovskite
materials, followed by time-resolved measurements to explain the steady-state obser-
vations. In steady-state measurements, one would obtain the time-averaged emission
spectra of a sample, collected by either a charge-coupled device (CCD) or photon-
multiplier tube (PMT) over a specified time-window. Fluence-dependent evolution
of PL spectral profiles using regular PL or VSL setups are examples of steady-state
measurements, as shown in Fig. 3.1.
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Fig. 3.1 Steady-state characterisation to verify ASE in BnOH-treated CH3;NH3PbBr; PNC films
[1]. a Fluence-dependent evolution of PL spectra, from broad spontaneous emission (SE) band to a
relatively red-shifted ASE band. b Non-linear increase in spectrally integrated intensities (hollow
circles) and FWHM narrowing (solid circles) imply a threshold feature that describes the onset of
ASE. ¢ Stripe length dependent VSL-PL spectra pumped at fixed 25 pJem~2 evaluates the PNC
film’s net gain coefficient

As shown in Fig. 3.1b, the non-linear growth in the spectrally integrated inten-
sity followed by a simultaneous FWHM narrowing are preliminary evidence of
ASE in Perovskite gain materials. As such, the “kink” where integrated intensity
increases super-linearly and a sudden rapid decrease in its FWHM is the ASE
pumping threshold [1]. The reason for ASE manifesting in the red-shifted lower
energy side depends on the optical gain mechanism. This will be elaborated in Sects.
3.1.2, 3.1.3, 3.1.4 and 3.1.5. Next, as discussed in Sect. 1.2.3, VSL measurements
of CH3NH;PbBr; PNC films under a fixed above threshold pumping 25 uJem =2
reveal a general gain coefficient of g ~ 1800 cm™2 with an unsaturated gain coef-
ficient of g ~ 350 cm™2. Although not included in the illustration of Fig. 3.1, PL
measurements conducted using microscopes called . — PL are often used to directly
observe lasing emissions in fabricated or natural Perovskite microcavities, as seen
in Sect. 2.2.

Moving on, the next set of studies are time-resolved measurements which include
time-resolved photoluminescence (TR-PL) and pump-probe (transient absorption,
TA) techniques. In most labs, TR-PL measurements are simply conducted by redi-
recting the Perovskite’s output emission into either a streak camera or time-correlated
single photon counting (TCSPC) system. Figure 3.2 shows a complete set of TR-PL
data of the same CH3NH;PbBr; PNC films [1] collected by a streak camera with
resolution down to ~10 ps.

Figure 3.2a shows a spectrographic map, where both time (Fig. 3.2b) and instan-
taneous steady-state PL (Fig. 3.2c) data could be extracted. With reference to both
Fig. 3.2a, c, the longer-lived component is assigned to the broad spontaneous emis-
sion driven by excitonic recombination in CH;NH;PbBr; PNCs, while the extremely
short-lived red-shifted component corresponds to the narrowband ASE lifetime,
assigned to biexcitonic recombination mechanisms [1]. By temporally resolving
both components’ kinetics as shown in Fig. 3.2b, we obtain information on their
processes’ lifetimes relative to each other. The kinetics are typically fitted using the
multiexponential carrier kinetics function modelled using carrier rate-equations:
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Fig. 3.2 Time-resolved PL (TR-PL) measurement of processes occurring in CH;NH3PbBr; PNCs
[1]. a The spectrograph containing information of both b PL kinetics and ¢ instantaneous PL
spectra. d A timeline of processes both contributing and hindering optical build up and avalanched
stimulated emission. The top fluence line helps to capture processes unique to different pumping
regimes

)
y(t) = ZA,-e‘”ff(l +erf<—t”s )) G.D
- J

J

where A; and 7; are the process’ characteristic amplitude and lifetime, respectively
and s found in the error-function is the streak camera’s response time that accounts
for the detected signal rise time. Assignment of fitted lifetimes for each kinetic
decay purely from TR-PL data can be an extremely difficult task and would usually
require spectral deconvolution of its steady-state PL spectrum in order to draw some
conclusions [2]. An in-depth discussion of biexcitonic gain and lifetime assignment
to involving processes with respect to Fig. 3.2b, d will be re-visited in Sect. 3.1.3.
The time resolution of a streak camera system can be up to several ps, while the
TCSPC system is around tens of ps. To probe the fast processes like optical build up
and stimulated emission decay times of Perovskite media, femtosecond fluorescence
upconversion spectroscopy [3] a gated PL technique, extends the time resolution to
tens of femtoseconds.

Pump-probe spectroscopy (also known as transient absorption spectroscopy) is
another time-resolved technique that is commonly used to supplement TR-PL data.
This is because, the pump-probe measurement allows time resolution down to its
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excitation pulse-widths. Hence, pump-probe measurements can resolve and accu-
rately detect both optical gain build up and decay processes. As shown in Fig. 3.3,
the superior time resolution is afforded by the detection of pump-induced probe
change signals.

In a typical pump-probe experiment in transmission detection mode, the probe
pulse is aligned to directly enter the detector while the pump pulse, it is aligned
away from the detector. In this way, the detector picks up signals arising from pump-
induced probe transmittivity changes within the Perovskite material. A common
configuration is one where the probe is a white-light continuum, where its time-
delay relative to the pump excitation event is afforded by a controllable mechanical
delay stage. Note that the detected probe signal at “time-zero” can be optimised
maximally when there is perfect spatial and temporal overlap between both pulses.
For the accuracy of experiment, it is important to consider several factors. Firstly, to
capture the pump-induced probe changes, the pump’s spot size should be bigger than
the probe’s spot size. Secondly, the fluence of the probe should be significantly lower
than the pump’s fluence. Lastly, a lock-in amplifier will help improve the signal-to-
noise ratio (SNR). Optical choppers with a prime number chopping frequency (e.g.,
~83 Hz) are typically placed in the path of the pump beam to isolate electrical
noises and its harmonics (e.g., ceiling lamps). For a rotating disc chopper, this also
effectively reduces the pump pulse train’s repetition rate by a factor of half. A pre-
amplifier system can also be added before the lock-in amplifier to filter off unwanted
frequencies and to amplify the probe detection along the chopping frequency. Like
TR-PL, the pump-probe experiment generates a spectrograph detailing information
on both the TA spectra and kinetics of the Perovskite sample. TA spectra provide
information on spectral bands where carrier dynamics occur. On the other hand, the
TA kinetics as a function of probe delay time tracks the interplay of the various
processes and their lifetimes in each spectral band.
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Generally, pump-probe experiments done in transmission mode yield the differ-

ential transmission (ATOT) probe signals which is defined as:

AT LT (3.2)
To Ty .

where T, and Tj denotes the probe signals detected when pump pulses are turned
ON and OFF, respectively. Since optical gain is thought to be negative absorption,

evidence of light amplification in a material is best interpreted when converting (ATOT)

to (ﬁ—?) and has been well-established for chalcogenide CdSe and CdS QDs [4, 5].

In using the Lambert-Beers’ law, we obtain the following conversion from (ATOT) to

the probes’ change in absorbance (AA):
AT
(AA) = —loglo(l + —> (3.3)
To

Next, the differential change in probe absorbance (i—?) can be acquired by simply

dividing Eq. (3.3) with the linear absorbance A, from the material’s absorption
spectrum. The onset of optical gain in terms of (i—?) occurs when the probe picks
up a negative signal, such that:

Ap=AA+ Ao =<0 34
By manipulating Eq. (3.4), we arrive at the threshold condition of:

AA
—_— <

" —1 (3.5)

In a typical transient kinetics curve, the gain lifetime corresponds to the duration
of which the condition in Eq. (3.5) is satisfied and was used as a benchmark for
reporting gain lifetimes in CdSe core—shell QDs [5] and CsPbBr; PNCs with trionic
gain mechanisms, as shown in Fig. 3.4 [6].

Two other time-resolved spectroscopic methods occasionally used for studying
optical gain in Perovskites are (I) Optical Kerr Gating (OKG) and 2-Dimensional
Electron Spectroscopy (2DES). The OKG technique was originally introduced by
Duguay and Hansen et al. in 1969 [7] and used by Chen et al. in 2014 to study the
effects of carrier thermalisations in free-carrier optical gain in CH3;NH;Pbl; PTFs
[8]. 2DES was also used in optical gain studies in PNCs over conventional TR-PL
and pump-probe approaches, as it could resolve ensemble-size induced inhomo-
geneous broadening [9]. Wei et al. was the first to provide insights of biexcitonic
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Fig. 3.4 Onset of trionic gain (blue-shaded) in PbBr; treated CsPbBr; PNC films, a which occurs
along the 520-530 nm transition line in the TA spectra and b an ASE lifetime of ~620 ps from the
TA kinetics [6]

gain in CsPbBr; PNC films using the 2DES approach and will be discussed more in
Sect. 3.1.3. However, we will not go into the experimental details of both techniques.

3.1.2 Free-Carrier Optical Gain

Free-carrier optical gain refers to the population inversion of free-electron carriers
in the conduction band (CB) edge relative to its unexcited electrons in valence band
(VB). As early as 2014, Chen et al. employed the OKG technique in order to study
the role of carrier thermalisation in free-carrier optical gain in CH3NH3Pbl;_Cl
films [8]. Figure 3.5a shows that the ASE onset time and carrier thermalisation
time are closely related at ~8 ps and ~10 ps respectively. In addition, Fig. 3.5b
showed that the ASE signature occurs along the same peak position as its sponta-
neous emission. Together, these results suggest that the avalanche stimulated emis-
sion occurs along the bandedge, where free-electrons accumulate in the conduction
bandedge (CB) during optical build up. Supposing that a highly energetic pump
exceeding the bandgap energy is used, this means the free-carrier optical gain relies
heavily on hot-carrier thermalisation to facilitate the early time optical build up. For
this reason, free-carrier optical gain is often termed as a “thermalisation-limited”
mechanism. Interestingly, partial recovery of the ASE can be achieved after the
decay of the initial ASE event, due to continuous hot carrier relaxation that helps
to replenish free-electrons in CB edge, as shown by the later time “shoulder” in
Fig. 3.5¢ [8]. A schematic of the free-carrier optical gain mechanism is shown in
Fig. 3.6, showing that its “thermalisation-limited” trait makes the free-carrier optical
gain akin to a three-level system, CB edge that acts as the metastable state, where
effective accumulation occurs up till its bandedge radiative recombination lifetime
T
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Fig. 3.5 Effects of carrier thermalisation in free-carrier optical gain in CH3NH3PbClI3.x PTFs [8].
a OKG spectra at different instants, showing that the onset of free-carrier ASE is hot-carrier ther-
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Fig. 3.6 An illustration of the free-carrier optical gain mechanism. Population inversion of elec-
tron and hole carriers occur along their band-edges, which makes it fundamentally thermalisation-
limited. Hence, the free-carrier gain mimics a three-level system scheme
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Fig. 3.7 Bimolecular radiative recombination indicative of photogenerated free-carriers in
CH3NH;3PbI3 thin films shown in a photobleaching (PB) dynamics in TA spectra and b a linear
relationship between (AA)~! and time t [12]. ¢ The first free-carrier Perovskite VCSEL using
spincoated CH3NH3PbCl I3« PTF as its active layer [11]

The drawbacks of free-carrier gain are that in mimicking the three-level systems,
population inversion of free-carriers is not as efficient, where a large photogener-
ated carrier density is required to bring about population inversion at the CB edge.
Secondly, any premature hot carrier recombination serves as a loss channel that
(Fig. 3.6, green arrow) impedes bandedge buildup, thus raising the gain threshold
further.

Generally, free-carrier optical gain occurs in systems with low exciton binding
energies, whose primary photogenerated carriers are free-electron and holes. Apart
from the common CH3;NH;3Pbl; PTFs [10-12], free-carrier gain mechanisms have
been suggested for CsPbBr; PNWs [13, 14], PNCs [15] and microspheres [16].
Formal verifications of free-carrier recombination at below threshold excitations in
CH;NH;Pbl; PTFs have been studied by Manser and Kamat et al. [12] and Ghanassi
et al. [17] via pump-probe experiments. As shown in Fig. 3.7a, b, photobleaching
(PB) dynamics is ascribed as second-order bimolecular kinetics [12] and a strong
linear relationship between the reciprocal differential absorbance (AA)~! with time
[17] are indicative of free carrier state-filling [12]. These two mutual verifications
can be understood if we consider a system with dominant bimolecular recombination
in the low fluence regime. Its rate equation is modelled as 4 = — Bn?, which gives a

dr
carrier density solution of n() = —22—. Since the probe’s change in absorbance A A

1+noBt*

is proportional to PB its carrier density 1, we see that (AA)~! oc n~! o Bt. Here,
the gradient B is the corresponding bimolecular radiative recombination rate. In the
high fluence regime, where strong non-radiative auger recombination (trimolecular)
is expected to dominate, Manser and Kamat et al. observed that bimolecular radiative
recombination of free carriers still dominated even above 40 uJcm ™2 [12]. From a
temporal point of view, this meant that free-carrier ASE could still occur because the
sub-ps bandedge optical buildup, hot carrier thermalisation lifetimes outcompete the
relatively slower auger recombination with ~10! ps timescales. The first free-carrier
Perovskite VCSEL was constructed by Deschler et al. in 2014, as shown in Fig. 3.7c,
where the end-reflector is a DBR coupled to a gold (Au) output coupler [11]. PMMA
was used as a protective layer to avoid physical damage to the Perovskite active layer
during device fabrication [11].
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Another approach to obtain free-carrier optical gain is to bring the carrier density
in excitonic Perovskite systems beyond its Mott-transition density, where photogen-
erated excitons actively dissociate back to free-carriers in the high pumping density
regime. For instance, while many argued optical gain mechanisms in CsPbBr; PNCs
to be trionic or biexcitonic, Geiregat et al. was the first to instead, propose free-carrier
ASE mechanisms in weakly confined CsPbBr; PNCs with edge-lengths ~12.7 nm
[15]. In this work, it was reported that despite room temperature excitonic absorp-
tion by their ensembles, the ASE is found to be thermalisation limited and occurs at
threshold carrier densities situated above the Mott-transition density limit. To under-
stand the role of hot-carrier cooling in CsPbBr; PNC films, Geiregat et al. compared
differences in carrier dynamics between ensembles pumped using 400 and 500 nm
femtosecond pulses. Mainly, the threshold carrier density of ASE after accounting
for difference in absorption cross-sections remained around the same for both cases
(ny ~ 1.6 — 1.8 x 10'8cm™3), yet a higher intrinsic gain coefficient g; and almost
instantaneous onset of ASE were observed in the resonantly pumped case using
500 nm pulses. On the other hand, the 400 nm pumped case exhibited a much lower
value of g; with a delayed ASE onset. Such observations strongly indicate that the
ASE occurring in their weakly confined CsPbBr; PNCs are thermalisation-limited,
which point towards a free-carrier based mechanism [15]. Although not explained
in the report, g; measured in the 500 nm resonantly pumped case was higher than at
400 nm pump case possibly because of the premature hot carrier recombination loss
that impedes the accumulation of population inversion at the bandedge that lowers
the effective gain in the ensemble.

To further support his initial claims, Geiregat et al. proposed two other proofs,
by comparing the acquired ny, relative to (I) the ensemble’s size-distribution and
(IT) mott-transition carrier density [15]. In this report, the observed ASE is shown to
possess an unchanging ng ~ 1.6 x 10'8¢cm =3 with crystallite size that is similar to
its bulk-like counterparts that is given by [15]:

3T M P 2e M kT 1
~ | — = 3.6
Mn(EC) ~ 5 |:Mr:| [ W ] (3.6)

as opposed to a biexcitonic gain mechanism that exhibit volume-scaling of ngqxx) =
% [18]. Here, M and M, denote the total and reduced exciton masses and 7 is
the carrier temperature. For the second proof, Geiregat and co-workers produced a
numerical calculation of the mott-transition and free-carrier optical gain threshold
carrier densities based on the density functional theory calculations using the gener-
alised gradient approximation (DFT-GGA) approach, with and without considering
the van der Waals interaction (VDW), as shown in Fig. 3.8c [15]. Essentially, the
Mott-transition characterises the threshold carrier density where excitons would
actively dissociate back to its free-carriers as a result of carrier-carrier Coulomb
screening effects [18].

The Mott-transition density of a system is as a function of excitonic Bohr radius
rp and binding energies Ay that is given by [18]:
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Fig. 3.8 Characterisation of free-carrier optical gain mechanisms in weakly confined CsPbBr3
PNCs [15]. A comparison of intrinsic gain coefficient g; between a 400 nm and b 500 nm (resonant)
pumping conditions revealed that the former suffered from lower value of g; and a delayed onset
of ASE, suggesting the critical role of hot carrier thermalisation effects. ¢ A numerical calculation
based on Density Functional Theory in the Generalised Gradient Approximation approach (DFT-
GGA), showing the Mott-transition carrier density (blue line) and the expected threshold carrier
density for free-carrier ASE (with and without considering van der Waals interactions) in their
CsPbBr3 PNCs

kT
nmonmo.ozg[rl‘A } (3.7)
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By using Eq. (3.7), a Mott-transition density of nmex ~ 4.7 x 107cm ™ for
CsPbBr3, with rg = 3.5nm and Ay = 36 meV can be determined, where the
acquired n;, > nyey. Thus, this indicates that light amplification in CsPbBr; PNCs
is a result of free-carrier accumulation at its CB edge, where an initially dense
exciton carrier-carrier screening resulting in active exciton dissociation and leading
to thermalisation-limited free-carrier gain mechanisms [15].

Finally, it is important for readers to notice that early reports studying optical
properties of CH3;NH;Pbl; PTFs may assign the radiative recombination to excitons
[19] instead of free carriers [12]. This discrepancy could be due to the morphological
quality of PTFs. In the early days of the field, CH3NH3;Pbl; PTFs were morphologi-
cally imperfect, with ~10%> nm grain sizes and pinholes aplenty with insufficient film
coverage on substrates. As such, these films possessed optical properties resembling
larger PNCs and typically possessed relatively higher room-temperature excitonic
binding energies than its bulk-like large-grain film counterparts. Thus, it is possible
for the primary excitations in CH3;NH;3Pbl; PTFs prepared in the early days, to be
more excitonic under room-temperature conditions.

3.1.3 Biexciton Optical Gain

Biexcitonic optical gain occurs typically in excitonic systems, where the population
inversion of biexcitons and biexcitonic stimulated emission occurs, as illustrated
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in Fig. 3.9. Biexcitons are formed under the influence of attractive exciton-exciton
interactions under exciton-dense conditions. As such, the biexciton’s total energy
Exx is less than 2 individual excitons 2Ex by the binding energy Ayy given by [9]:

Axx =2Ex — Exx (3.8)

Evidently, the biexciton gain is also analogous to a “quasi” three-level system
gain mechanism, where the pump generated “quasi-level” 2 E'y forms the short-lived
top-most level, that is succeeded by ultrafast exciton-exciton attractive binding to the
metastable biexcitonic state Exy. Upon fulfilling population inversion of biexcitons
relative to excitons, biexciton gain occurs, where avalanche stimulated emission
of biexcitonic recombination produces photons with energy hwyx. In the process,
this leaves behind an exciton with energy Ex. In using Eq. (3.8) and the fact that
hoxxy = 2Ex — Axx, we can express Axx in terms of experimental observables
Ex and hwyx as follows:

Axx = Ex — hoxx (3.9)

Equation (3.9) tells us that the biexciton binding energy can be deduced from
the red-shift of biexciton PL peak relative to its exciton PL peak via PL spectral
deconvolution. In practice, materials possessing large Axx are ideal for realising
low threshold biexcitonic gain because it decreases the extent of spectral overlap
between biexciton and exciton PL bands and that biexciton ASE can occur with
minimal re-absorption losses [20]. In this case, Eq. (3.9) can be used to calculate
Axx by directly taking the exciton and biexciton ASE peak difference. Conversely,

Ex n@ @
3 A
%‘ Ground

state

Fig. 3.9 Schematic overview single exciton (gray box) and biexciton gain (orange box) mechanisms
in the excitonic framework
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for systems with small A xx, material re-absorption is still strongly competing with
biexcitonic buildup, which arbitrarily raises the gain threshold where the biexciton
ASE further red-shifts [20]. In this case, both PL bands are strongly overlapping
and the true value of A xx must be acquired through spectral deconvolved PL bands
instead of direct subtraction with the ASE band. Large Ay ~50 meV [2] to ~80 meV
[9] was reported in CsPbBr; PNCs, which is sufficiently displaced out of its excitonic
linewidth (~100 meV). With reference to Fig. 3.9 again, the reason that natural single
exciton gain cannot happen in excitonic systems is because of the exact compensation
between absorption and stimulated emission rates (recall from Sect. 1.2.1) in such a
two-level system.

Similarly, proof of biexciton carriers in the system is crucial for validating biex-
citon gain mechanisms. In 2015, Wang et al. formally characterised the existence of
biexcitonic PL in CsPbBr; PNCs excited via ~ns pulses under 10 K conditions, as
shown in Fig. 3.10 [2]. Here, the rationale of using ~ns pulses instead of ~ fs pulses is
to virtually increase the ASE threshold to ensure that the characterisation would not
include ASE in the spectra. In addition, ultralow temperatures at 10 K was employed
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Fig. 3.10 Biexciton PL characterization in CsPbBrs PNCs under ~ns pulsed excitations at 10 K
[2]. a Fluence dependent PL spectra. b Spectral deconvolution of bands A and B via a two-peak
pseudo-Voigt fitting and ¢ the fluence dependent scaling of deconvolved peaks. d Fluence dependent
PL kinetics under ~fs pumping
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to minimize spectral broadening from phonon interactions for better spectral reso-
lution [2]. Figure 3.10a shows that fluence dependent PL spectra where a second
red-shifted peak develops. Figure 3.10b shows the spectral deconvolution using a
two-peak pseudo-Voigt function fitting. Figure 3.10c shows the fluence dependent
trends of spectral deconvolution, where the red-shifted band B manifesting in the
higher fluence regimes were found to scale quadratically with fluence and correlates
to biexciton recombination mechanism. The quadratic scaling is because the biex-
citon radiative recombination rate is proportional to the probability of either exciton
recombining (i.e.P(hwxx) o« P(X) x P(X)). On the other hand, the proof of biex-
citon signatures is not as straightforward in TR-PL kinetics as in steady-state PL
spectra. With increasing fluence, the exciton-dense media is not only susceptible to
biexciton formation from attractive binding but also susceptible to exciton-exciton
annihilation (XXA). XXA is an ultrafast bimolecular [21] non-radiative auger recom-
bination process in which an exciton recombines non-radiatively and transfers this
energy to the other exciton [22]. Thus, as shown in Fig. 3.10d, the early-time fast
component with tens of ps lifetime is an undeniable proof of XXA and its contri-
bution increases in the kinetics with increasing fluence. XXA is undesirable, as it
can compete with the formation of biexciton carriers necessary to populate | X X). At
above threshold excitation conditions, a typical TR-PL spectrograph would resemble
that shown previously in Fig. 3.2a, with time-resolved PL and ASE kinetics shown
in Fig. 3.2b [1]. In the case of CH3NH3;PbBr; PNCs (similar to CsPbBrs PNCs),
the biexcitonic ASE kinetics is extremely short-lived in comparison to its PL decay
trace. Furthermore, its ASE kinetics is dominated by an initial fast component, which
is assigned as biexciton gain decay lifetime 7, and the later component assigned as
Ty p that includes all combinations of exciton-biexciton auger decays. Here, the PL
kinetics (blue) of CH3;NH;PbBr; PNCs are similar to the PL kinetics of CsPbBr;
PNCs shown in Fig. 3.10d, where the fast component at ~34 ps is assigned as the
XXA process [1]. Figure 3.2d illustrates the complete picture detailing the biexciton
gain build-up and decay in both time and fluence regimes.

At below threshold pumping conditions, XXA occurs without substantial biex-
citon build-up. Once above threshold pumping conditions, a delayed onset of biex-
citon build-up 7py, occurs because it precedes the XXA losses tx_x [1, 2]. In
the emission process, the gain lifetime is shortened by general MPEs involving
all combination of exciton and biexciton auger processes that rapidly reduces the
biexciton optical build-ups. For these reasons, biexciton gain are auger-limited gain
mechanisms [2, 20], where and MPE shortens the biexciton gain lifetime g, as
illustrated over a timeline and fluence-line in Fig. 3.2d. Fast XXA rates has been
measured in CsPbBr3 PNCs at y = (7 x 1077) em®s™" [21]. XXA characterisation
in biexciton gain studies can be found also in organic materials [23], transition metal
dichalcogenides [24] and chalcogenide QDs [5].

Biexciton gain mechanisms are well-studied in chalcogenide QDs by Klimov
et al. and co-workers, who derived the biexciton gain threshold in the electronic
framework. Generally, the number of excitons N photogenerated in an ensemble
during excitation follows a Poisson distribution, which is defined as:
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Fig. 3.11 Biexciton gain mechanism of neutral PNCs in the electronic framework. Here, biexcitons
are visualised as two pairs of electrons and holes. This illustration is applied in pump-probe studies,
where probe photons can either be absorbed or induce stimulated emission transitions

e~ NNV
Py = ——— (3.10)

where Py is the probability of finding a QD that contains N excitons and (N)
denotes the ensemble averaged number of excitons per QD. In practice, (N) is a
useful quantity that is defined as:

Ny = ZasE 3.11
(N) = P (3.11)

where o, is the linear absorption cross-section, whose value is affected by pump
energy hw. From Eq. (3.11), since (N) o F, it provides as a representation of pump-
efficiency after accounting for a material’s absorption cross-section. According to
Eq. (3.10), the statistics tell us that if (N) = 1, the probabilities of finding unexcited
Py, singly excited P, and multiexcited Py~ are non-zero, as shown in Fig. 3.11.
Now, by further defining y and n to be the probability of excitonic recombination and
the number density of neutral PNCs, each type of QD with N excitons can change
the seed light intensity I as follows:

o0
Al = -2y Pynl +0+42y Ponl +2yPsnl +--- = 2ynl|:—P0 + Z PN:|
N=2
(3.12)

The first term —2y Ponl in Eq. (3.12) corresponds to light intensity loss due to
absorption by unexcited QDs, where the factor of 2 accounts for the possibility of
two simultaneous absorption events by VB edge electrons. The second term of zero
comes from the transparency due to singly-excited QDs, due to the exact compensa-
tion between stimulated emission and absorption. The third term onwards correspond
to contributions of gain from multi-excited QDs, where N > 2. Similarly, the factor
of 2 for these higher ordered terms accounts for the possibility of inducing two band-
edge stimulated emission contributions that is strictly limited by Pauli’s exclusion
principle. From here, we can see that since (N) o F, the biexciton gain occurs at
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a relatively high threshold in an exciton dense media. The biexciton gain threshold
can then be derived by letting AI = 0, which gives us:

[—Po +y P,,i| =0 (3.13)
n=2

In using Eq. (3.10) with (3.13), the biexciton gain threshold in terms of (N) is
therefore calculated to be:

Our result in Eq. (3.14) is not surprising, as we intuitively expect the ensemble
average to be more than 1 exciton, where (N)y,xx, > 1. In practice, this formalism
applies to pump-probe experiments, where Eq. (3.12) tabulates all terms comprising
of probe absorption and probe-induced stimulated emission.

Very recently, two-dimensional electron spectroscopy (2DES) studies unveil
that the gain mechanism in CsPbBr; PNCs can be ascribed to biexcitons [9]. Impor-
tantly, the results showed that biexcitonic formation signatures can be detected either
by (I) excited state absorption (ESA) in singly excited PNCs or (II) directly via
exciton-exciton interactions in doubly excited PNCs accompanied by a delayed ASE
onset [9]. Figure 3.12a shows the fluence dependent steady-state PL spectra, where a
red-shifted (~76 meV) ASE band is observed. Figure 3.12b shows the 2DES absorp-
tive spectra at t = 5ps under 25 uJem~2 pumping conditions [9]. By resolving the
2DES absorptive kinetics at 2.39 eV (pink square) as shown in Fig. 3.12c, fluence
dependent probe signals showed a gradual crossover from negative signal (ESA) to
positive signal (stimulated emission) with increasing pump fluence [9]. Wei et al.
explained that the short-lived ESA originates from the excitonic transitions up to
filling the biexcitonic states (i.e. |X) — |X X)), as shown in Fig. 3.12d.

Importantly, the crossover meant that the onset of ASE in CsPbBrj is delayed
due to the short-lived initial ESA associated with biexciton formation resulting from
attractive carrier interactions [9]. On the other hand, single exciton gain is ruled
out as it would instead, have shown simultaneous ESA and SE signals. For singly
excited (N = 1) PNC, the ESAx effectively competes with SEx while doubly excited
(N = 2) PNCs may directly covert into biexcitons and contribute to biexcitonic
ASE (SExx). Figure 3.12e shows fluence dependent probe signals at 2.39 eV (pink
squares) and 2.53 eV (green circles). The positive and superlinear relation of 2.39 eV
probe signal with fluence suggest a multiexcitonic interaction regime that supports
biexcitonic gain mechanisms [9]. Biexcitonic ASE onset delays are expected to
shorten with fluence as more PNCs are doubly-excited, thereby inhibiting the initial
ESA process for biexcitonic formation in singly excited PNCs [9]. By global analysis
of the entire 2DES data, Wei et al. determined that auger recombination with fitted
Tau ~ 80ps is much slower and outcompeted by the ultrafast ESA with lifetimes
<2 ps, which justifies the observation of net gain in their CsPbBr; PNCs. Interestingly,
Wei et al. noticed that the probe energy difference between exciton photobleaching
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Fig. 3.12 2DES absorptive spectral and kinetic analysis of optical gain in CsPbBrz PNCs [9]. a
Fluence dependent steady-state PL spectra. b 2DES absorptive spectrograph at t = 5 ps excited at
above ASE threshold of 25 1Jem 2. ¢ Fluence dependent 2DES absorptive kinetics resolved at 2.39
eV. d Schematic illustration biexciton formation via ESA in singly excited PNCs, that is competed
by excitonic SEx. SExx is the biexcitonic ASE transition. e Fluence dependent 2DES probe signals
at 2.39 eV (pink squares) and 2.53 eV (green circles)

(PBx) and SExx signatures matches well with the 76 meV ASE red-shift shown
in Fig. 3.12a. This suggests that the ASE red-shift is a direct result of attractive
Axx that creates biexciton states that are sufficiently spectrally displaced from the
linear absorption transition of excitons by unexcited PNCs. In order to support this
claim, Wei et al. studied the effects of tuning the ASE spectral redshift relative to
the excitonic PL’s bandwidth I". Next, f is defined as the effective ratio of PNCs
participating in linear absorption for a transition displaced by Axx relative to E,
as shown in Fig. 3.13a. By modifying Eq. (3.12), the ratio f can be appended into
the formalism to give:

1 1
—Ad=ayf —a=2yf — [nyPo+ EVPI — znyl —2yP2i| (3.15)

where Al o —« is the detected probe signal measuring optical gain and y is the
absorption and emission rates. The terms in the parenthesis correspond to (I) the
detuned absorption by unexcited PNCs, (II) the ESA of singly excited PNCs in
biexciton formation, (IIT) SEx of detuned excitons and (IV) the direct SExx contri-
bution from doubly-excited PNCs, respectively. Equation (3.15) aims to account for
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Fig. 3.13 Role of attractive carrier potentials and spectral overlap in biexcitonic gain mechanism of
CsPbBr3 PNCs [9]. a Schematic illustrating biexciton transitions displaced by Axx relative to linear
excitonic transition Ex contains spectral overlap with a ratio f, of PNCs susceptible to reabsorption.
b Modified schematic accounting for spectral-overlap induced transitions that is previously ignored
in the formalism. ¢ Projected probe signals as a function of normalised pump density % for

different biexcitonic transition detuning term r due to attractive binding. Gray region indicates ASE
threshold. Note “Bi-exciton” term used in this report describes two non-interacting excitons and
differs from our description of biexcitons bound system

transition “blurring” due to the close proximity in transition energies observed in
pump-probe experiments. Note that the factors of % and f % in terms (II) and (III)
correspond to the corrected probabilities that the single exciton will either undergo
ESA or SEx. Furthermore, since terms (II) and (IV) are probe-induced resonant
processes, they do not include the correction term f. The term oy f = 2y f describes
the probe’s detection for “detuned” linear absorption in the absence of pump, where
ap o« 2y. All these processes are illustrated in Fig. 3.13b. By further defining the
extent of spectral overlap r as the ratio between Ayy and I':

Axx In f
- . 1
"TT 4In2 (3.16)

the effect of tuning the values of r for fixed exciton PL width I" relative to normalised
pump % is shown in Fig. 3.13c. Here, the extreme at r — 0 corresponds to non-
interacting carriers while r — 1 corresponds to a complete spectral shift such that
f — 0 with negligible overlap. Importantly, while excitonic and non-interacting
two-excitonic (termed bi-excitonic in this report) gain behaviours are found to be
rather similar, tuning the overlapping ratio 0.43 < r < 0.91 showed that as r
increases, deviation from the single exciton gain becomes more pronounced, with
the probe signal growing more steeply that indicates greater net modal gain. In their
CsPbBr3 PNCs, a value of r = 0.88 was experimentally obtained, which estimates
an attractive Axx ~ 88 meV that agrees well to the estimated value of 76 meV in

Fig. 3.12a.




80 3 Optical Gain Mechanisms and Fabrication of Perovskite Lasers

3.1.4 Trion Optical Gain

In Sect. 3.1.3, we derived the biexciton gain threshold to be (N)yxx), ~ 1.15 from
the electronic framework. Furthermore, we discussed that the major drawback of
biexciton gain is its relatively high pumping threshold (N) o< F and its suscepti-
bility to XXA and higher-ordered multiparticle auger effects. On the other hand, the
trionic gain mechanism occurs at theoretically lower thresholds of (N) < 1 and is
less affected by undesirable auger limitations. Essentially, trions are charged excitons
that was first predicted in 1958 [25] and observed much later in CdTe/Cd; xZnxTe
quantum wells in 1993 [26] and subsequently in other monolayer transition metal
dichalcogenides [27], nanotubes [28, 29], nanoplatelets [30] and nanocrystals [31].
Early reports suggest that trions are typically formed when an exciton binds with
an additional “stray” charge [32] that results either from surface-defect induced
photocharging [33, 34], multiexcitonic auger recombination [35] and/or auger-
ionization [36]. In the low fluence limit (N) < 1, positive trions X are formed in
negatively photocharged PNCs due to unpassivated surface-dangling Pb-ions acting
as strong electron traps [37, 38]. In the high fluence limit (N) > 1, trions can also
intrinsically form in neutral PNCs as a result of auger-ionization, where strong auger
recombination rates rapidly dissociate and eject charges with high excessive energies
[38, 39]. Post-synthetic passivation treatments with PbBr, [6] or NaSCN (sodium
thiocyanate) [38] have been shown to almost completely suppress the formation of
electronic traps while stirring the colloidal PNC during photoexcitation is shown to
suppress auger-induced trion formation [40]. Trion gain mechanism is an interesting
topic because trions were originally thought to be undesirable carriers. Preliminary
isolated-dot studies held trions responsible for PL intermittency (photoblinking) [41,
42] in light emitting materials and are expected to lower efficiency in LEDs and laser
devices. Yet later, scientists are able to capitalise on the net half-spin properties of
trions, leading to developments in ultrafast photocurrent switches [43], electronic
spin manipulation [43], quantum computing [44], LEDs [45] and most importantly,
lasers [6, 20, 46].

By modifying the electronic framework and using Poisson statistics describing
the PNC ensemble’s excitation distribution, the threshold conditions for trion gain
in PNCs can be derived analogously [6]. Regardless of photocharging mechanism,
photoexcitation of an ensemble of singly-charged PNCs results in unexcited (Py),
singly excited (P;), doubly excited (P,) PNCs and etc. (p,~>), as shown in the
schematic of Fig. 3.14a.

Next, we define y and n. as the recombination probability and the number density
of negatively charged PNCs in the ensemble (per volume). In assuming trionic spon-
taneous emission with seeding intensity / is present in the ensemble media, the total
change in light intensity as a result of unexcited and excited PNCs are given by [6]:

Al = —yPonl +yPinl +2y P,nl +2yPsnl + ...
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Fig. 3.14 a Tllustration of positive trion Xt gain mechanism in the electronic framework. b
Schematic of XT carrier formation and recombination. The converse is true for negative trions
in positively charged PNCs

= V”1|:—P0+ Py —i—ZZPn] (3.17)

n=2

In contrast to Eq. (3.12) for biexciton gain, singly excited PNCs do contribute to
trion gain as population inversion is naturally satisfied, with contribution term y Pinl.
However, multi-excited PNCs generally contribute with similar term 2y P,nl as a
consequence of stimulated emission bottleneck imposed by the Pauli’s exclusion
principle. Since net gain occurs when Al > 0, the threshold condition is therefore
given by Al = 0:

(3.18)
n=2

o0
[—P0+P1 +2ZPH} =0

With reference to Egs. (3.10), (3.18) is solved analytically, which gives the
threshold for trion gain to be [6]:
(N)nx+) = 0.58 (3.19)
Comparing our results between biexciton and trion gain thresholds in Egs. (3.14)
and (3.19), respectively, it is clear that the accuracy of the result requires the inclu-
sion of all P,., contributions, despite them occupying diminishing portions in the
Poisson distribution of the ensemble. In addition, the significant reduction in pumping
threshold from (N)y, = 1.15 — 0.583 in trionic gain originates from the active
contribution of singly excited PNCs P;. In practice, this formalism can be applied
in pump-dependent pump-probe experiments, with the probe photon resonant to the
trionic transition acting as the input seed. From Fig. 3.4, Wang et al. acquired a
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trionic ASE threshold of (N)y, = 0.62(or Fy, = 1.2 uJem™2) with much longer gain
lifetime ~660 ps in the PbBr,-treated CsPbBr; PNCs [6]. These strongly indicate
trionic gain with lesser gain dissipation from auger-recombination.

Similarly, the proof of trion carriers’ existence is essential to support claims of
trion gain mechanisms. An illustration of the trion carrier formation and recombi-
nation is shown in Fig. 3.14b. Conventionally, trionic carriers have also been veri-
fied by taking the difference of TR-PL decay kinetics between stirred and unstirred
colloids [47]. In Makarov et al.’s work, trionic signatures were observed with life-
time ~235 ps after subtracting the unstirred colloid’s decay kinetics with the stirred
colloid’s monoexponential excitonic decay kinetics, which was assigned as trionic
auger recombination lifetime instead of carrier lifetime [40]. Alternatively, Wang
et al. performed fluence dependent TR-PL experiments to verify the existence of
trion carriers, as shown in Fig. 3.15.

In this case, proper subtraction can only be done after ensuring that the long-time
PL kinetics tail corresponding to excitonic decay are mutually normalised across all
fluence-varied kinetics [6]. As shown in Fig. 3.15a, subtracting the PL decay kinetics
between (N) = 0.052 and (N) = 0.006 yields the blue decay trace, which is fitted
and assigned as trionic radiative lifetime at tx+) = 1.63 ns. In Fig. 3.15b, it can also
be seen that with further increase in fluence till (N) = 0.42, the subtracted kinetics
in blue shows an even faster component with lifetime Txx@ug = 320ps and was
assigned as biexcitonic auger recombination lifetime.

Seeing that the assignment of subtracted decay components are often debated
between trionic and biexcitonic carriers (which impacts the assignment of trionic
gain), one way to distinguish them is to consider the so-called statistical scaling of
decay rates by excitons, trions and biexcitons. For a system with quantum yield ® ¢,
the TR-PL measured lifetime ty relates to its true radiative lifetime via the relation
Tr(x) = ;—Xf = ﬁ Since the excitonic radiative decay rate depends on the electron
and hole carrier densities such thatk,x) o n.n;, then we can generalise the decay
rate for an Mth order exciton:

a
—<N>=0.006
o | ; - 1}
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Fig. 3.15 Fluence dependent TR-PL kinetics of PbBr,-treated CsPbBr; PNC films normalised at
t = 8 ns in the a very low and low fluence regime and b very low and high fluence regime. The blue
decay trace is the result of subtraction between the respective two decay kinetics in each figure
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kruxy < (Mn,)(Mny) oc Mk, (x) (3.20)

Since k,(yx) = —L_ we deduce from Eq. (3.21) that the Mth order excitonic

Tmx)
radiative lifetime scales with its excitonic radiative lifetime as follows:

Trx)
M?2

Tr(MX) = (3.21)

where # is known as the order scaling factor. For trions, the radiative rate isk,x+) o
(n.)(2ny) o« 2k (xy, which yields a scaling of 7,(x+ = T"z’”. By extension of our
result in Eq. (3.22), biexcitons would have a lifetime of 7,.xx) = %. Therefore,
knowledge of the material’s 7,.(x) and @ is essential to provide the appropriate
assignments of the observed components. For most Perovskite systems, where 7,(x)
~ns, we expect 7,(x+ in PNCs to also occur in the ~ns timescales.

Finally, it should be remarked that the extent of trion localisation and the energetics
behind its gain mechanisms are still poorly understood. Recently, it was reported that
selective generation of bound trions in Single-Walled Carbon NanoTubes (SWCNTs)
showed significantly higher trionic binding energies and emission intensities than its
intrinsic free trions [48]. Secondly, the origins of optical gain in CsPbBr; PNCs are
widely debated and assigned to be due to trions [6], free carriers [15] and biexcitons
[9]. However, all these reports could be valid, and conclusions could differ due
to differences in material quality such as synthetic and storage temperature and
conditions.

3.1.5 Single Exciton Optical Gain

Earlierin Fig. 3.13, we discussed that singly-excited PNCs cannot produce net optical
gain due to equal compensation between absorption and stimulated emission rates.
In chalcogenide QDs, core—shell structures such as CdS/ZnSe were morphologi-
cally engineered in order to capitalise on the pump-induced transient stark effect
that could temporarily unbalance the stimulated emission and absorption rates [5].
Specifically, since CdS/ZnSe follows a type II core—shell energetics, excitons gener-
ated are spatially charge-localised which produces a transient electric field directed
towards the CdS core. As shown in Fig. 3.16, this further results in a transient stark
effect that lifts the electronic degeneracies, such that the absorption line is sufficiently
detuned from the stimulated emission line [5]. The single exciton gain threshold in
terms of (N) can be derived analogously, except that there will be no contributions
from multiexcitons. With reference to Fig. 3.16, the net change in light intensity is
given by:

Al = =2y Ponl + y Pinl (3.22)
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Fig. 3.16 Schematic of single exciton gain engineered in type II CdS/ZnSe core—shell QDs. The
internal electric field generated towards the CdS core causes a transient stark’s shift with magnitude
As = Ax_x equal to the repulsive coulombic energy as a consequence of charge localisation

where y and n. are the excitonic recombination probability and number density.
The first term corresponds to absorption loss of unexcited QDs while the second
term corresponds to stimulated emission contributions from singly-excited QDs in
response to the transient stark’s effect. The single exciton gain threshold can be
obtained by solving Eq. (3.22), where substituting Py = 1 — P; and letting Al =0
gives us the result Py nx) = %

Assuming ideal conditions, where the transient stark’s shift is larger than the linear
absorption linewidth (A > T), this tells us that minimally two-thirds of the excited
ensemble must be singly excited, which translates to the threshold condition:

In this case, Pimx) = (N)mx) because we considered the gain contribution
to only come from singly-excited QDs and ignoring higher order contributions.
As such, this approximation fundamentally defies the Poisson statistics describing
photoexcitation in the ensemble. In less ideal situations, where A; ~ T, spec-
tral overlap between absorption and stimulated emission will arbitrarily raise the
threshold condition, such that it can be generalised as a function of (A;/T") as
follows:

2

_ 3.24
3 — (A2 (3-24)

(N =

where e~(2/D? is the relative Stark’s shifted detuning term. Note that it is important
for A; > 0 to be repulsive in nature, as an attractive potential would not only
promote the formation of higher-ordered excitons but also further raise the single
exciton gain threshold. Readers interested in strategies used in the development of
single exciton gain in Chalcogenide QD systems are encouraged to refer to various
literatures [20, 49, 50].
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Although fabricating core—shell structured PNCs for similar studies are still in
developmental stages [51], Zhao et al. was the first to report single exciton gain
in CsPbBr; PNCs embedded into Au—Si core/porous shell nanocomposite systems
[52]. From Fig. 3.17a, optical build-up of excitons in the nanocomposite is engi-
neered through resonance energy-transfer (RET) mechanisms, where thermalising
hot electrons from CsPbBr; PNCs are transferred to a local surface plasmonic reso-
nance (LSPR) level created by the innermost Au-core [52]. Figure 3.17b shows
the TA spectra of the nanocomposite system pumped at 12 mJem 2, where excited
state absorption (ESA), PB and stimulated emission (SE) are assigned to the 480 nm,
520 nm and 545 nm probed bands, respectively [52]. Due to early-time spectral over-
laps between the 520 nm-PB and 545 nm-SE bands, a four-peak fit deconvolution
was performed and shown in Fig. 3.17c.

In doing so, the relation of SE position with probe delay time can be plotted
(Fig. 3.17d) and fitted monoexponentially to give ~340 fs. Given that this value is
consistent with LSPR relaxation lifetimes, and since the gain build-up is limited by
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Fig. 3.17 Single exciton optical gain in Au-porous Si injected with CsPbBr3 PNCs (nanocom-
posite) [52]. a Schematic of the excitonic optical buildup via resonant energy transfer (RET) from
hot electronic states to a relatively higher local surface plasmon resonant (LSPR) metastable state.
b TA spectra of the nanocomposite system pumped at 12 mJem ™2 in optical gain regime. ¢ Decon-
volution of a TA spectra resolved at early delay time of 1 ps. d Relationship between stimulated
emission position as a function of probe delay time
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RET to the LSPR state, the 340 fs component was assigned to the excitonic gain
build-up lifetime and is much faster than typical carrier-phonon interactions [52].
TA kinetics spectrally resolved in the SE band also revealed an excitonic gain decay
lifetime of ~146 ps [52].

Single exciton gain and lasing was also reported in several unengineered systems
of CS()_17FAO_83PbBI'3 PTFs [53], CSPbBI‘3 PNC films [54] and CH3NH3PbBI‘3 PTFs
[55]. In Csg 17FA( g3PbBr3; PTFs, single exciton gain was concluded from TA kinetics
on the basis of low threshold carrier densities ~6.51 x 10'7cm™ in the absence of
auger recombination [53]. In addition, they showed that inelastic Frohlich scattering
of excitons with LO phonons with (hw;o ~ 29meV) is insufficient to dissociate
them into free-carriers. However, the role of mixed cations and its carrier/energy
dynamics leading to excitonic build-up and the origins of repulsive exciton-exciton
interactions was not mentioned and remains elusive. Shortly, Juan et al. also claimed
to observe single exciton gain in both CsPbBr; and CsPbl; PNC films [54]. Here, the
basis of conclusion was that the red-shifted ASE is a consequence of self-absorption
effects that depended on film thickness and that at 1 < (N) < 2, TR-PL kinetics
showed a trend of fitted lifetime 7 shortening with fluence, which imply ® , also
proportionately reduce with fluence [54]. However, such observations only seem
to disprove higher-ordered exciton gain but not prove excitonic gain, which may
invite strong debate. Firstly, the ASE’s red-shift is likely a combined effect of re-
absorption minimisation and attractive exciton-exciton interactions. Thus, lesser ASE
red-shift in thinner films does not contain information on the nature of exciton-exciton
interaction energies. Secondly, shortening of t should not directly imply decreasing
®, as the former and latter are affected by fluence dependent carrier trapping and
carrier dynamical processes, respectively. Instead, a direct measurement tracking
the evolution of & with fluence in optical gain regimes would have been more
conclusive. Thus, future works in this area should focus on elucidating the nature of
exciton-exciton interactions and its role in excitonic build-up for different Perovskite
morphologies.

3.1.6 Polariton Optical Gain

In Sects. 3.1.2, 3.1.3, 3.1.4 and 3.1.5, we have discussed a wide range of photon
lasing mechanisms, where optical build-ups are largely dictated by carrier dynamics
and energetic landscapes of Perovskites and carrier-photon coupling was completely
neglected [56, 57]. For anisotropic systems offering (I) high E¥, (II) high exciton
effective masses [58, 59] and (II) high oscillator strengths, exciton-photon coupling
becomes non-negligible and new quasiparticles called polaritons can manifest in
the excited system. Importantly, exciton-photon coupling strength depends greatly
on the material’s oscillator strength which would affect the polaritonic stability.
Interestingly, the polaritons possess half-light half-matter properties, allowing the
generation of nonclassical light output for laser-based and cavity quantum elec-
trodynamical applications [60]. One example is polariton lasing, where optically
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coherent light is emitted as a result of macroscopic polaritonic condensates (PCs)
[61], analogous to the conventional Bose—Einstein Condensate (BEC) in ultracooled
atoms [62]. Since PCs act without having to satisfy population inversion, it is deemed
more pump-efficient than photon lasing [60]. Generally, PC formation depends on
the magnitudes of Rabi-splitting energy €2 and the exciton-photon detuning energy
A. Here, Q2 denotes the coupling strength and is defined as the energy difference
between the UP and LP bands at normal incidence kj; = 0. Conventionally, this
coupling is well described by the coupled-oscillator model, where energetic anti-
crossing between them gives rise to an upper (UP) and lower (LP) polariton branch.
The UP band is usually not observed in experiments, as it is outcompeted by elec-
tron—hole continuum absorption, thermal relaxation, and the high reflectance from
the top DBR [61]. As such, polariton lasing occurs mostly in the LP branch [61].
On the other hand, A denotes the dominant particle of the coupling expressed as the
difference between their energies [63]:

A = Ec — Ey (3.25)

where E¢ denotes the cavity photon energy. If A > 0, the polariton is “exciton-like”,
which possess long recombination lifetimes and is susceptible to acoustic phonon
interactions. Likewise, A < 0 suggests the polariton to be “photon-like” and are
susceptible to inefficient scattering with acoustic phonons. The polariton’s exciton
fraction | X |? can be calculated if 2 and all dispersion curve energies are known [63]:

QZ
Q24 (Ex — Epp)?

|X|? (3.26)

where Ex — Epp is the energy difference between the exciton and LP branch at
k;; = 0. For polariton lasing, polaritons with photon-like behaviours are preferred,
as scattering with acoustic phonons are inhibited (polariton relaxation bottleneck)
[64] and allows for stimulated scattering of LPs down to its PC build-up. After that,
spontaneous radiative decay of the polaritons in the condensate produces coherent
emission of polariton lasing [65]. In other words, we require the system to possess
large 2 and A < 0 (|X]> < 0.5) under non-resonant excitation conditions [61, 66].
From Egs. (3.25) and (1.17), A < 0 can be achieved by reducing E. via increasing
cavity lengths [67].

In the past, polariton lasing in inorganic systems [68—71] was only observed
in cryogenic temperatures due to weak Wannier-mott Ay < 10meV and mostly
met with lattice mismatch and thermal strain issues during integration into cavities.
On the other hand, organic materials possessing intrinsic disorderliness and defects
have been found to negatively impacts the PC process [72—74]. From the robust
optical properties and defect tolerance of Perovskite materials, we expect Perovskite
polariton lasers to hold great potential and are currently in developmental stages
[57, 61, 75=77]. In 2017, Su et al. was the first to demonstrate room temperature
polariton lasing in CVD-grown CsPbCl; PMPLs (~ 12 um) based VCSELSs [61].
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Large Q2 ~ 265meV and A ~ —25 meV(IX 1> ~ 0.45) indicative of strong coupling
and photon-dominant polariton behaviours were reported in these PMPLs, which
are ideal for PC formation and polariton lasing. In characterising polariton gain, it
is important to verify the existence of PC. Thus, observing a clear crossover from
uncondensed polaritons to PCs from below to above threshold pumping fluences
is necessary. The onset of condensation occurs whenever the average separation
between polaritons are comparable or lesser than its De-Broglie wavelength, causing
coherent overlap of polaritonic wavefunctions [78]. As such, stimulated scattering
occurs where macroscopic polaritonic relaxations governed by Bose—Einstein distri-
bution [78] occurs, transiting them down to its lowest energy quantum state [79].
Figure 3.18a, b show the angle-resolved LP emissions before and after its condensate
threshold [61].

Here, the CsPbCl; PMPLs show the narrowing of LP emission towards the normal
direction kj; = 0 and a slight blueshift above the LP dispersion curve when pumped
above PC threshold. This observation is a result of macroscopic stimulated scattering
of “uncondensed” photon-like polaritons in the system, causing them to subsequently
occupy the lowest energy polaritonic ground-states. Figure 3.19¢ shows the fluence
dependent PL spectra and Fig. 3.19d shows the simultaneous FWHM narrowing and
nonlinear increase in integrated light intensity, with a clear threshold at 12 uJem™2.
Clearly, these two features are similar to photonic gain and are indicative of optical
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Fig. 3.18 Polaritonic condensation (PC) in CsPbCl3 PMPLs [61]. Angle-resolved PL mapping
taken at a 0.75Pth and b 1.30Pth. ¢ Fluence dependent PL spectra extracted at kj = 0. d Nonlinear
growth of integrated intensities, FWHM narrowing and e Fitting of experimental (blue circles)
blue-shifting energy with its theoretically calculation (red line) at kj = O LP branch are evidence
of PC. f Interference pattern acquired from summing real and inverted Centrosymmetric space PL
Images. Scale bar: 4 pum
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coherence of polaritonic lasing. Note that the subsequent broadening of LP FWHM
with fluence at above threshold is due to decoherence induced by active polariton-
polariton interactions [80] and possibly other localised PC modes [81]. Figure 3.18e
shows the close agreement between experimentally obtained (blue circles) LP blue-
shift and the theoretical model (red fitting line) derived from coupling the driven-
dissipative Gross-Pitaevskii equation to the rate equation of the exciton reservoir
[61]. At below PC threshold, the LP blue-shift is larger (steeper) due to increasing
exciton—polariton interactions mediated by increasing fluences. However, the blue-
shift generally tapers as the interaction dynamics is now dominated by polariton-
exciton interactions [61]. Finally, Fig. 3.18f shows the superimposed image between
the real and inverted Centro-symmetrical PL images acquired from interferometry
[61]. Importantly, checking for the long-range spatial coherence via interferometry
is a well-established technique in confirming PC and hence polariton lasing. Here,
the bright spots observed are associated with the localisation of PCs, possibly due to
photonic disorder during fabrication of CsPbCl; PMPLs [61]. Importantly, the super-
position between the two PL images produce interference fringes that are observ-
able over ~ 15 um, which indicate long-range spatial coherence associated with
the formation of PCs [61]. Observation of Polariton lasing has also been reported in
CsPbBr; [82—84] and CH3;NH;PbBr3 [85] nanostructures as well as two-dimensional
Perovskites [86, 87].

3.2 Fabrication Techniques for Perovskite Lasers

In this section, we present several approaches to fabricate high quality natural
and external cavities for low pumping threshold Perovskite lasing. In recent years,
nanoimprinting, lithographic and inkjet printing are gaining attention due to their
potential in realising large-area laser arrays towards upscaling and commercialisa-
tion. Importantly, we also focus on strategies proposed for device thermal manage-
ment in realising CW pumped Perovskite lasing, which is an important milestone
towards realising electrically pumped Perovskite laser devices. For clarity, we will
discuss key optical characterisations for each cavity configuration that ascertains
lasing.

3.2.1 Fabry-Perot Perovskite Lasers

Optically pumped Perovskite lasers embrace the VCSEL configuration, where the
active Perovskite layer is sandwiched between two DBR mirrors, as shown in
Fig. 3.19. Sometimes, a transparent spacer such as PMMA is spincoated on top of
the active layer to provide surface passivation before another DBR is fixed on top of
the device [11]. VCSELSs are desirable because its laser output is strongly directional
and its circular beam profile directed perpendicular to its device surface makes it easy
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Fig. 3.19 A schematic showing the conceptual difference between a VCSEL and diode lasers of
the Fabry—Perot configuration

to couple with optical fibers for optical communications [68]. Other applications of
VCSEL structures include high density optical storage, laser displays, parallel optical
computing, and signal processing [88, 89]. On the other hand, Perovskite diode lasers
could also be less appealing than Perovskite VCSELs as the former produces ellip-
tical and diverging side-emitting outputs [90]. From a manufacturing standpoint,
diode lasers also suffer from additional dicing costs during quality-control testing,
as its side-emitting nature meant that a full wafer must be diced before a single chip
can be mounted.

Perovskite VCSELSs are easy to integrate because it does not suffer from stringent
band-alignment [91] and lattice mismatch conditions [92, 93]. Spectroscopic veri-
fication of Fabry—Perot etalon resulting in cavity modes was investigated by Wang
et al. in 2017 [90]. Here, maximum optical feedback was ensured by situating the
PNC’s PL band within its DBR near-unity “stopband”, with the inset illustrating the
PNC-based VCSEL device configuration (Fig. 3.20a). At below lasing thresholds,
a series of sharp “spikes” was ascribed to Fabry—Perot cavity modes because (i)
the mode number assignment corroborates with Eq. (1.21) and (ii) similar features
were also observed in low intensity CW excitations [90]. Wang et al. reasoned that
the cavity modal envelop is red-shifted from the PNC PL band due to reabsorption
effects caused by radiation multi-pass during round-trip feedbacks [94]. Next, angular
dependent steady-state PL. was employed to study the cavity mode behaviour [90].
As shown in Fig. 3.20b, all cavity modes blue-shift with increasing detection angle
6. As shown in Fig. 3.20c, this occurs because off-axial mode (black line, with angle
¢) generally propagate longer distances. Thus, their contribution to lasing intensi-
ties at detection angle 6 can be derived by considering Snell’s law of refraction at
interfaces:

n,sing = sinf (3.27)

where n, is the Perovskite’s refractive index and L = L.srcos¢. By combining
Egs. (1.21) and (3.27), the relation between mode A,, and 6 is given by [90]:
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Fig. 3.20 Fabry—Perot cavity mode characterisation in CsPbBrz PNC-VCSELs [90]. a An overview
of PNC ensemble PL, VCSEL cavity mode relative to the DBR reflectivity spectra overlaid together.
b Steady-state PL spectra of the VCSEL with detection angle 6 and ¢ verifying Fabry—Perot mode
behaviour with 6 fitted with Eq. (3.28). d Illustration of off-axis mode oscillations responsible for
angular-dependent blueshifts

Mim = 2Lsp /03 — sin®0 (3.28)

Since Eq. (3.28) is seen to fit the blue-shifting trends of cavity modes with 6 in
Fig. 3.20d, the cavity modes are assigned as Fabry—Perot cavity modes. Figure 3.21
shows a set of Fabry—Perot lasing characterisation conducted by Wang et al. in
in the CsPbBr; PNC based VCSEL. From Fig. 3.21a, an increase in ~fs pulsed
excitation fluence led to the development of a single mode lasing operation along
m = 32. Figure 3.21b, ¢ shows the simultaneous m = 32 cavity mode FWHM
narrowing and non-linear mode intensity growth once pumped above lasing threshold
of ~11 uJem™2, respectively. Furthermore, the bottom inset of Fig. 3.21a showed
that them = 32 lasing output is strongly collimated, with divergence of ~ 3.6°, as
compared to the PNC’s PL (above inset) at ~ 15° [90]. Ease of PNC integration onto
DBRs with suitable stopbands of blue- and red-emitting PNC VCSELs have also
been demonstrated by Wang et al. and shown in Figs. 3.21d, e.

Interestingly, the report also demonstrated the effects of active layer thick-
ness, where the thicker layered VCSEL produced multimode lasing, albeit with
significantly lower threshold at 9uJem~2 than the single mode VCSEL (~900
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Fig. 3.21 Lasing characterisation in CsPbBrz PNC-VCSEL [90]. a Pump fluence dependent evolu-
tion of cavity modes. Inset: Output beam profiles at below (upper) and above (bottom), lasing
thresholds, with divergences of ~15° to 3.6°, respectively. Scale bar: 1 mm. b Further narrowing
of FWHM from 2 nm to 0.6 nm and ¢ Non-linear intensity growth in m = 32 lasing mode beyond
11 ul cm~2. Demonstration of PNC-VCSELs in d blue and e red lasing outputs with CsPb(Cl/Br)3
and CsPb(Br1/1); PNCs, respectively

wJem~2),under ~ ns pulsed excitation conditions [90]. Another important charac-
terisation is the VCSEL’s output polarization. Strong linearly-polarized outputs are
desired in interferometry, optical modulations, and non-linear frequency generations
(where phase-matching is required) [95, 96]. The degree of polarization (DOP) of a
laser wave is defined as [97]:

Imax - Imin
DOP — -Mmax — “min (3.29)

Imax + Imin

where I, and I,,;, are the maximum and minimum output intensities at orthogonal
analyser detection angle ¢. Essentially, the relation of lasing intensity with analyser
angle ¢ is given by Malus’ law [96]:

I = Iycos’¢ (3.30)

In ideally linear-polarised outputs, I,,;, = 0 when ¢ = 90°,270°, which gives
DOP = 1. From Fig. 3.22¢ f, DOP values of ~ 0.40 and 0.81 were determined
in CsPbBr; PNC-based and CH3;NH;Pbl; PTF-based VCSELs. Partially linear
polarised outputs from CsPbBr; PNC-based VCSELSs (Fig. 3.22a, b) were attributed
to the competition between intrinsically polarised excitonic emissions between three-
fold degenerate bright-triplet and a dark singlet excitonic transitions [96]. On the
other hand, strong linearly polarised output from CH3;NH;Pbl; PTF-based VCSELs
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Fig. 3.22 a-c Schematic, fluence dependent lasing emissions and normalised lasing intensity with
respect to polarization angle ¢ of a CsPbBr3 PNC-based VSCEL, respectively [96]. d—f SEM image,
fluence dependent lasing emissions and normalised lasing intensity with respect to polarization angle
¢ of a CH3NH;3Pblz PTF-based VSCEL, respectively [98]

(Fig. 3.22d, e) was attributed to optical anisotropy arising from film thickness inho-
mogeneity, residual strain in the DBR and/or nanopore alignment [98]. Interestingly,
lattice-matched GaN(intrinsic)-GaN(n-doped) layer pairs grown epitaxially showed
effective feedback coupling to the PTF active layer, resulting in Q ~ 1110 and ultralow
lasing threshold ~7.6 uJem =2 [98].

To date, successful CW-pumped lasing in the Fabry—Perot configuration has only
been demonstrated in fabricated VCSELs and PNWs [83], specifically under strong
exciton-photon coupling circumstances. In a recent report, Shang et al. demon-
strated CW-pumped polariton lasing with ultralow threshold at P,;, ~ 130Wcm >
in CsPbBr; PNWs (height H ~180 nm) under 7.8 K conditions (Fig. 3.23e) [83].
The success was credited to two strategies taken to facilitate efficient thermal
diffusion along the PNW-substrate interface, as shown in Fig. 3.23a. The first
strategy involves studying the effects of width-to-height (W/H) ratio in the PNW-
substrate interfacial heat transfer, as shown in Fig. 3.23b. He observed that PNWs
with H > 300nm are too thick and hinders thermal transfer while PNWs with
H < 50nm are too thin and photonic mode localisation is impaired by optical
diffraction limit [83]. The second strategy taken was to select the best thermal conduc-
tive substrate after balancing between substrate thermal conductance and dielectric
function. Figure 3.23c shows the simulated transient temperature of PNWs coupled
to four different substrates: Sapphire (42 Wm_lK’l), Ag (429 Wm_'K’l), Glass
(1L4Wm™'K™') and Si (148 Wm™'K™").

While high substrate thermal conductance can lower PNWs’ stabilising tempera-
tures, Fig. 3.24d also revealed that candidates like Ag and Si possess relatively large
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Fig. 3.23 Factors leading to successful CW-pumped CsPbBr; PNWs at 7.8 K, with lasing threshold
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(Lumerical Inc.). d Simulated modal distributions in PNWs (H = 400 nm) via MODE (Lumer-
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dimensional pseudocolored PL emission in a H = 180 nm PNW thermally dissipated by a sapphire
substrate under 7.8 K conditions
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Fig. 3.24 Room temperature CW-pumped lasing in CH3NH3PbBr3 PSC-TF based VCSELs [100].
a A comparison between the DBR’s stopband and the VCSEL’s output when pumped at ~1200
mWem™2. b Non-linear intensity growth of the 565 nm mode beyond 34 mWem ™2, indicating
laser mode oscillations in the VCSEL
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dielectric functions that induce significant radiation leakages along the interface, thus
increasing lasing thresholds [83]. Hence, the balance between thermal conductance
and dielectric function induced loss is best found in sapphire substrates. CW-pumped
Polariton lasing in CsPbBr; PNWs have also been reported by Evans et al., which
includes a comprehensive set of characterisations [77]. On the other hand, room-
temperature enhanced ASE in CW-pumped CH3;NH;PbBr; PTF-based VCSELs was
first reported by Alias et al., with a high threshold of ~89 KWCm™2 [99]. Here, the
active layer is sandwiched between two PMMA protective layers to foster surface
passivation and improved waveguiding effects necessary for minimising losses.
However, the output’s lack of DOP and relatively large narrowband FWHM puts it
under the debate of whether lasing was observed. Meanwhile in 2019, room temper-
ature CW-pumped lasing in CH3;NH3;PbBr; SC-TF based VCSELSs was reported by
Cheng et al., as shown in Fig. 3.24 [100]. Figure 3.24a shows the lasing spectrum,
which features a multi-mode lasing output with FWHM ~0.8 nm, under pumping
density of ~1200 mWem™2 [100]. Interestingly, the successful demonstration of
room-temperature CW-pumped lasing here did not account for thermal management
and is simply assigned to strong exciton-photon interactions with estimated Rabi
splitting energy ~372 meV [100].

Inpractice, a VCSEL’s output consistency greatly depends on the Perovskite active
layer thickness, uniformity, and cavity length. Since single-mode lasers imposes an
upper limit of Perovskite layer thickness, one must pay extra attention to the film’s
surface roughness. Another key factor is to minimise the trapped air columns when
the top DBR mirror is brought to contact with the active layer and bottom DBR
mirror. In some reports, effective cavity length L have been estimated ~tens of um
[90] and are much thicker than expected active layer thicknesses. This is likely
due to trapped air columns as shown in Fig. 3.25a. Occasionally, discrepancies in
expected and calculated FSR can also possibly stem from involvement of higher-
ordered transverse waveguided modes in addition to fundamental TEq, and/or TMy
modes. A set of extensive discussion in Fabry_Perot lasing in CH;NH3PbBr; PMWs
is presented by Gu et al. [101]. Experimental discrepancies between expected and
calculated FSRs often stem from the Next, a possible cause of irregular VCSEL
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Fig. 3.25 Overview of common VCSEL fabrication mistakes. a Air columns are trapped in ambient
fabrication. b Inhomogeneous adhesion leads to uneven cavity lengths that affects lasing output
reproducibility. ¢ By applying homogeneous force during adhesion of top DBR under vacuum
environments, air columns can be minimised
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output in terms of lasing position and thresholds is likely due to inhomogeneous
adhesion or huge film surface roughness, where a visually indistinguishable angular
tilt causes a cavity length gradient, as shown in Fig. 3.25b. Thus, air columns and
angular tilts in VCSEL fabrication can be minimised by performing the top DBR
adhesion in vacuum-purged environment and providing homogeneous force (such as
via a G-clamp), as shown in Fig. 3.25c¢.

3.2.2 Whispering Gallery Mode (WGM) Perovskite Lasers

In Sect. 2.2, we discussed that the PMPLs and PMCs are excellent morphological
systems that offers WGM lasing without having to fabricate any external cavity.
Generally, WGM modes localises through resonant recirculation of constructive
interfering light waves via total internal reflection (TIR). Thus, this low-loss optical
feedback mechanism allows WGM to possess extremely narrow lasing linewidths
with extremely high Q-factors. WGM lasing is easy to achieve because its refractive
index (~2) is higher than its surrounding air [102—104]. Due to its sensitivity towards
the material’s polygonal shape, Perovskite WGM lasers can find potential application
as optical sensors. Optically pumped WGM lasing was first observed in CH3 NH;Pbl
single-crystalline PMCs [19] and subsequently in capillary-filled PNCs [2, 105, 106]
and other PMPLs [107-110] systems. WGM lasing from Silica microspheres confor-
mally coated with CH3NH;Pbl; via atomic layer deposition (ALD) [111] and with
as-synthesized CsPbBr; PNCs [112] were also reported as alternative methods.

Generally, WGM modes are characterised by transverse electric (TE) or magnetic
(TM), radial order g and azimuthal order m. Mostly, only the first radial order (q = 1)
fundamental is observed due to highest Q-factor that is dependent directly on the
system’s polygonal geometry [113, 114]. The first radial ordered TE and TM WGM
modal positions are solved from Lam et al.’s asymptotical function and is given as
[115]:

T Regy Dy
AE?TE) = cavPcav (331
m + 1.856m'/3 + [% S 1]
Neav™
T Regy Dy
ASETM) = cav~cav (3‘32)
m + 1.856m!1/3 4+ [% — n—ZI}
Meav Neay™

where m > % From Egs. (3.31) and (3.32), the similarity in their solution just before
the parenthesis in their denominator tells us that (D ~ mj—nlS—ngl“ is the “reference”
mth azimuthal ordered WGM mode comprising of a TE-TM pair distinguished by
their terms in parentheses. The corresponding WGM FSR for respective TE and TM

modes is calculated to be:
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where F'S RS()WG My X D_! and is similar to Fabry—Perot lasing FSR in Eq. (1.19).

The net Q-factor provided by a Perovskite microstructure is governed by its radiative
waveguide losses, material reabsorption, surface scattering and absorption losses,
respectively. This relation of WGM Q-factor and losses are related by the following
inverse law [115]:

U S NS N
Qnet Qrad er st Qsa

(3.34)

Here, Q4 is the Q-factor that accounts for imperfect TIR feedback that causes
light to stray out of the feedback loop. Lower azimuthal ordered modes are lossy
as they take shorter round-trips with small reflection angles (sharp turns) and TIR
conditions may notbe met. Q,,, is the Q-factor that accounts for material reabsorption
losses and is explicitly given by.

Omar = 2”0[”{”” in most literatures [116]. Oy, is the Q-factor that accounts for
surface Rayleigh scattering losses caused by material surface roughness and is
given by Qg = Z’J\ngﬁ [117], where (S) and B are the root-mean-square rough-
ness and length of surface inhomogeneity. Lastly, Q, accounts for surface-induced
absorption losses caused by surface contaminant/defects. Based on the argument of
surface-volume ratio, we expect Q; X D4y This result is similar to Fabry—Perot
lasers, where the pursuit of single mode WGM output in smaller sized Perovskite
microstructures are achieved at the cost of lower net Q-factor.

One key discussion in Perovskite microstructure is the origins of lasing [118, 119].
In the case of PMPLs, lasing can either arise from in-plane Fabry—Perot lasing mode
or edge-reflecting WGM lasing modes. In a study by Qi et al., angle-resolved w-PL
Fourier imaging revealed that WGM lasing typically occurred universally across all
edge lengths L at sufficiently high fluences while Fabry—Perot lasing are produced
only in larger CsPbBr; PMPLs with L > 13um that would eventually also be
suppressed at even higher fluences (see Fig. 3.26¢) [118]. Figure 3.26a shows the
fluence dependent integrated PL and lasing intensity on a CsPbBr; PMPL with L ~
13.7 um. As fluence increases beyond the threshold of ~ 31 wJem 2, Fabry—Perot
lasing is observed and is affirmed by the bright emission on two of its edges (Fig. 3.26b
top inset). However, as pumping fluence exceeds ~ 71 wJem 2, the lasing intensity is
seen to reduce and gradually pick up at ~90 jL.Jcm 2. Such observation was assigned
to the competition and suppression of the initial Fabry—Perot lasing mode oscillation
into WGM lasing mode recirculation (characterised by four corner bright emission,
bottom inset of Fig. 3.26b). The transition from Fabry—Perot oscillation to WGM
recirculation transition in different sized PMPLs was studied by observing the relation
between lasing FSR and L via its group refractive index n,. Here, the Fabry-Perot
and WGM are distinguished by its slightly different values of n, from the fitting
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Fig. 3.26 Overview of Fabry—Perot and WGM lasing competition in CsPbBr; PMPLs [118]. a
Fluence dependent integrated PL behaviour, showing a transition in lasing mechanism beyond
70 uJem~2. b Comparison of Fabry—Perot and WGM lasing mode FSRs across different PMPL
edge lengths to extract their respective group refractive indices. ¢ Statistical overview of Fabry—Perot
and WGM mechanisms observed in terms of PMPL edge length and pump threshold

functions: FSRpp ~ % and FSRwgu ~ 2\/’;—;’ respectively. Figure 3.26b
g 8

showed that the fitted n, for Fabry—Perot and WGM lasing was determined to be
5.40 and 5.45, respectively.

Amongst the many demonstrations of WGM lasing in Perovskite microstruc-
tures, frequency upconverted WGM lasing [120] with waterproof properties [121] at
elevated operating temperatures, study of vernier-effect in near-proximity coupled
Perovskite microspheres [122] are some key research highlights. Beyond the usual
two-photon excitation, Shi et al. demonstrated three-photon (3PP) upconverted WGM
lasing in vapor-phase epitaxial CsPbBr; PMPLs, with elevated operation temperature
till 400 K [120]. As shown in Fig. 3.27a, the 3PP lasing threshold is remarkably low at
~ 116pJem ™2 and has a record of sustained lasing under prolonged pulsed excitation
for 10 h (~ 3.6 x 107 shots). Figure 3.27b shows the temperature dependent lasing

Fig. 3.27 aFrequency upconverted 3PP WGM lasing in CsPbBr; PMPLs, with b thermal tolerance
up to 400 K, albeit with significant lasing intensity reduction and ¢ increased lasing threshold [120].
d CsPbl; PMPL-hBN hybrid system for waterproofing and demonstrating e WGM lasing even with
increasing temperatures [121]
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spectra of a CsPbBr; PMPL with edge length 16.5 um, ranging from 290 K up to
400 K under pumping fluence of ~ 150pJcm 2. Generally, lasing intensities degrade
with increasing temperatures of operation are assigned to higher heat-induced non-
radiative recombination rates [120] and could explain the increasing threshold trend
with temperature in Fig. 3.27c¢. Successful 3PP WGM lasing with ultralow thresholds
and elevated temperature operation were attributed to the successful growth of high
quality PMPL resonators with enhanced oscillator strengths [120].

Figure 3.27d, e shows the CsPbl; PMPLs capped with hexagonal Boron Nitride
(hBN) developed by Yu et al. with the intention of creating a water-proof and heat
dissipating channel for the active CsPbl; PMPLs [121]. Evidently, the system also
showed a similar lasing intensity degradation and increasing thresholds with tempera-
ture, as that from Shi et al.’s work [120]. In addition, the hBN encapsulation of CsPbl;
PMPLs allowed stable WGM lasing in a myriad of polar solvents that include water,
isopropanol, glycol and D38W for up to 24 h [121]. This observation is ascribed to
the strong interfacial van-der-waals interaction between two inert hBN flakes that
prevents polar molecules from invading the lasing PMPLSs. Often, single-mode WGM
lasers in smaller sized microcavities have much higher thresholds as more intense
pumping is required to compensate for its poor modal confinement [120]. However,
Zhou et al. showed that the vernier-effect coupling from differently sized Perovskite
microspheres could force single-mode outputs with strong linear polarization prop-
erties without compromising modal confinements and thresholds [122]. As shown in
Fig. 3.28a, b, when the two CsPbBr; microspheres gradually gets closer, the initially
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Fig. 3.28 Vernier-effect induced single-mode with strongly linear polarised WGM lasing emission
[122]. Lasing spectra of a uncoupled microspheres (1.2 and 1.8 um) atd = 0.5 um and b coupled
microspheres atd = 0.03 um. ¢ WGM lasing characterised by simultaneous FWHM narrowing and
non-linear increase in light intensity. d Comparison of maximum and minimum lasing intensity e
with respect to analyser angle, giving a strong DOP ~ 0.78. f Lasing stability sustained for ~55 min
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uncoupled WGM emission becomes coupled, where the vernier-effect forces the
only coinciding mode shared between both individual outputs to be remained and
enhanced [122]. The right insets also shows that the presence of vernier coupling
causes the coupled microspheres to share the same resonant recirculation pathway
that drives highly polarised outputs. Figure 3.28c shows that the vernier-coupling
gives rise to equally low lasing threshold ~ 4 uJem~2 and net Q-factor ~4100.
Figure 3.28d, e shows the DOP characterisation of the vernier-coupled WGM output.
Here, DOP is determined to be ~0.78 based on Eq. (3.28), which is a vast improve-
ment from its uncoupled output at DOP ~ 0.2. Figure 3.28e shows that the prolonged
excitation of vernier-coupled WGM lasing can sustain for ~55 min, implying that
thermal management strategies need to be considered before implementing them for
in on-chip photonics and optical sensing applications [122].

3.2.3 Distributed FeedBack (DFB) Perovskite Lasers

The Distributed Feedback (DFB) laser is an indispensable cavity configuration that
offers reliable and spectrally narrow single-mode outputs, which can be applied in
areas of high speed information networks and communications [123]. As shown
in Fig. 3.29, the mode selectivity is handled by a reflective Bragg grating with a
corrugation period A calculated by:

A
A =B (3.35)
2Nt

where m, A are the Bragg diffraction order, Bragg’s wavelength, respectively. Here,
neg is the effective refractive index that results from the alternating Perovskite and
grating/capping media and is explicitly given by:

N = ————L—P (3.36)
We + wp
L RB
A Capping Mold
iny onoioplr- e :
W e T Perovskite — — Mg

Fig. 3.29 Schematic of the DFB laser with mode selectivity determined by the Bragg reflectance
spectrum Ry
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where w,, w¢, n, and n. are the Perovskite width, capping width, Perovskite index,
and capping layer index, respectively. From Eq. (3.35), we require Ap to be near
the Perovskite layer’s gain region for effective feedback and amplification and from

npy

Eq. (3.36), if w, = w,, then neg = "”; . In practice, single mode operation is

achieved by minimising the Bragg reflectance Rp spectral width:

A ApA A3
Ahp~ 2 2B B (3.37)
Nm mL 2nee L
where N = % is the number of corrugation periods fabricated onto the device and

L is the device length. To minimise AXp, we require large N (or L) and small A.
Furthermore, the resulting Q-factor depends directly on N, such that O = AA)(’B x N.
This trait is unique to DFB lasers and differs from Fabry—Perot VCSELs and WGM
lasing cavities.

In most cases, the poor thermal conductivity of Perovskite active layers are
partially circumvented through the use of heat sink capping layers such as sapphire
[124, 125]. For Perovskite’s visible lasing output, the first Bragg order (m = 1)
imposes a strict requirement for A < 200 nm, which is extremely difficult to achieve
through regular electron beam lithography or ion-milling methods. Therefore, the
second or third Bragg orders (m = 2, 3) are much easier to achieve and demonstrate
in reports [125]. A complete set of characterisations on Perovskite DFB lasing with
varying A has been reported by Saliba et al. [126].

Jia et al. was the first to report a second Bragg ordered (TE polarised) lasing in
CH;NH;Pbl; based DFBs, as shown by the double-lobed far-field outputin Fig. 3.30a
[124]. In addition, the term “lasing death” (Fig. 3.30b) was coined after observing
the dissipation of lasing intensities at 160 K after ~25 ns into quasi-CW excita-
tion turn-on [124]. Interestingly, through studying the behaviour of high energy PL
tail with varying pump pulse duration, they extracted an almost unchanging carrier
temperature, which indicates the lasing death does not originate from insufficient
heat dissipation [124]. Instead, they speculated this phenomenon to originate from

Intensity fau)

Fig. 3.30 Single mode lasing in CH3NH;3Pbl; based DFBs. a Demonstration of m = 2 DFB lasing,
where a doubled-lobed far-field output was observed [124]. b PL kinetics showing lasing death of
DFB under 195 ns pulsed excitation at 10.9 kWcem ™2 and 2 kHz repetition rate at 160 K [124]. Subse-
quent demonstration of CW-pumped lasing in CH3NH3Pbl3 based DFBs by ¢ employing mixed
orthorhombic-tetragonal phases for engineering energy funnelling for optical buildup operating at
100 K. d CW pump intensity dependent spectra of DFB lasing at 100 K
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photoinduced increase in dielectric constant in response to structural distortion. As
a result, it steers the primary carriers from excitons to free carriers, quenching the
initial exciton-mediated gain [124]. In the next report, Jia et al. proceeded to demon-
strate CW-pumped lasing in CH3;NH3Pbl; based DFBs by manipulating the popu-
lation inversion buildup through mixed Orthorhombic(host)-Tetragonal(localised)
phases in the excitation volume (Fig. 3.30c, d) [125]. Here, the normally existing
orthorhombic (larger gap) phase acts as the host while the tetragonal phase (lower
gap) is structurally induced and kinetically trapped within the excitation volume
as a result of local heating effects [125]. Essentially, the carrier sink effect from
orthorhombic to tetragonal phase mimics a quasi-four level system that can effi-
ciently produce low threshold lasing. Figure 3.30c shows the streak camera image
from a CH3;NH;3Pbl; PTF at 106 K, showing an ASE signature occurring at spec-
tral positions expected of CH3;NH;3Pbl; in tetragonal phase instead of orthorhombic
phase. Figure 3.30d shows the CW-pump dependent single mode DFB lasing at 106
K, revealing a CW-pumping threshold of ~17kWem™? that is sustainable for up to
~1 h[125].

Recently, nano-imprinted lithographic (NIL) method has been proposed to upscale
production of Perovskite based DFB lasers [127-129], although alternatives such
as electron-beam [130] & self-healing [131] lithographic and inkjet printing [132]
methods have also been suggested. By capitalising on the structural softness of
Perovskites such as CH3;NH3Pbl;, NIL has been shown viable for achieving CW-
pumped DFB lasing [133] and 2D-photonic crystal DFB lasing [129]. From a manu-
facturing standpoint, NIL is a simple, high throughput and low cost process involving
the use of a hard mould to transfer its patterns onto the Perovskite layer physically, as
shown in Fig. 3.31a [133]. Figure 3.31b, c shows the room temperature CW pumped
lasing spectra and its corresponding sustained duration. In this work, Li et al. reported
an ultralow threshold of ~13Wem ™2 (Q ~ 1150) with an operation duration ~250 s for
its single TEy mode [133]. Here, the surprisingly low room-temperature threshold
is attributed to superior NIL fabrication technique coupled with improved sponta-
neous emission factor after NIL [133]. Figure 3.31d—f shows a similar NIL approach
but applied in 2D-DFBs via photonic crystals patterning. Here, a chosen patterning
corrugation and width of 450 and 230 nm gives rise to first-Bragg order, as seen
by the inset’s Kikuchi fringe lines. Using a ~ps pulsed excitation, a threshold of
~ 3.8 uJem~2 is reported.

Figure 3.31f shows the manipulation of DFB lasing mode output by pumping
different spots of the photonic crystal DFB. This effect arises due to spatially varying
neg in the Perovskite layer thickness from the corrugated patterns. For completeness
of the discussion, Fig. 3.31g shows the difference in DOP in NIL-DFBs against
bare CH3;NH;3Pbl; PTFs [127]. Here, Brenner et al. reports a clear transition from
ASE’s unpolarised output to strong linear polarised DFB output [127]. Interested
readers may consult references [134] and [135] for other reports of 2D-photonic
crystal DFB lasing in Perovskites. Another interesting work reported by Kim et al.
involves the exploration of Perovskite DFB lasers fabricated using conventional LED-
stacks, albeit with solution NIL grating patterning [136]. Under ps-pulsed excitation,
lasing in both bottom- and top-emitting devices on glass and Si substrates showed
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Fig. 3.31 Overview of Perovskite DFBs fabricated via nanoimprinted techniques for CH;NH3 Pbl3.
a Schematic patterning of DFB corrugation on PTF supported by SEM image [133]. b Room
temperature CW-pump dependent lasing spectra with ¢ sustained outputs up to ~250 s [133]. d
SEM image of NIL 2D-photonic crystal patterning with inset showing the sample under oblique
white light illumination [129]. e Fluence dependent lasing spectra with inset showing far-field
patterns with Kikuchi lines [129]. f Fine-tunable DFB laser output upon variation of excitation site
of photonic crystal DFB [129]. Comparison of DOP in Perovskite ASE and NIL-DFB lasing [127]

low threshold lasing in room temperature with peak EQE ~ 0.1% but showed large
leakage currents when excited above J = 2 Acm~2 [136]. Kim et al. acknowledges
that while such low current injection does not seem to adversely affect optically
pumped lasing thresholds, efforts are required to eliminate these shunt channels by
making smoother Perovskite films with smaller areas and impedance-matched device
designs in order to reach the 2 Acm ™2 limit in the ~ns pulsed excitation regime [136].

Outside of conventional CH3;NH3;PbX; based DFB lasers, Roh et al. reported
an interesting class of DFB compatible lasers made of mixed cationic system
Csy,MA|_,Pbl;_3,Brs, treated with additive 4-fluorobenzylammonium iodide
bromide (FPMAI,_,Br,). Figure 3.32a shows the spectral tuning of DFB outputs
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Fig. 3.32 DFB lasing characterisation in FPMAI, 4 Bry treated Csx MA |_xPbl3_3xBr3x DFBs over
a range of suitable corrugation periods for each DFB [137]. a Spectral tuning via changing
values of x in composition and b strongly TE polarised lasing output in FPMAIgBro> —
Csp2MA( gPbl, 4Brg ¢ DFBs. Inset shows the near-field image of lasing output below and above
threshold excitation (Scale bar: 500 wm)
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of varying compositional values of x with carefully calculated Bragg grating
corrugations [137].

Specifically, for x = 0.2, The single-mode lasing output of FPMAIgBr>-
Csp2MA( gPbl, 4Brg ¢ DFBs is shown in Fig. 3.32b. Evidently, the output is strongly
TE polarised under ps-pulsed excitation, with sustained lasing operation for up to
~42 h [137].

3.2.4 Perovskite Random Lasers

The last kind of Perovskite laser is the random laser, where Perovskite media
are purposely disordered [138] in order to create a morphological landscape that
promotes random optical feedback through elastic Rayleigh scattering mechanisms.
Practical applications of random lasing are yet to be seen but have been speculated
to be applicable in speckle-free laser imaging and biomedical diagnosis. Impor-
tantly, the claim of random lasing should be supported by satisfying the Anderson’s
localisation condition (ALC):

ko(l) < 1 (338)

which expresses that the mean-free-path of photons must be lesser than its optical
cycleof 1/k,. Random lasing is stochastic in nature and does not have gain selectivity
mechanisms, unlike the previous lasing mechanisms discussed. Thus, fluctuation in
random lasing intensities and spectral position can be expected. Based on the random
resonator statistical framework by Apalkov and Raikh, the lasing threshold /, as a
function of pump spot size is given by [139]:

_((]né\(]))l/)\
Iph x e (3.39)

where A and A are the illumination areas of the pump and the typical area
occupied by a quasi-mode while G is the disorder strength parameter. In 2014,
Dhanker et al. was the first to report random lasing phenomenon in highly disordered
CH;NH;Pbl; PMC networks in 2014 [139]. As shown in Fig. 3.33a—c, the SEM
image reveals an extremely rough surface profile, with an estimated random lasing
threshold of ~195 #Jem =2 [139]. Under a pumping spot of ~140 yum, bright scattering
spots distributed randomly across the excitation area observed in spatio-spectral
imaging suggests random lasing arising from efficient site-to-site scattering based
waveguiding fortuitously linked in closed-loop paths. In addition, Dhanker et al.
proposed that the dependence of random lasing threshold with illumination spot area
via Eq. (3.39) is undeniable evidence of highly correlated network disorder with gain
competition leading to chaotic lasing intensity variations [139]. By approximating
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Fig. 3.33 Random lasing in highly disordered PTFs. a Cross-sectional SEM image of
CH3NH3Pblz PTFs [139]. b Lasing spectra collected below, near and above threshold and c its
microscopic image under a 140 um spot excitation, showing random lasing from randomly illumi-
nated scattering sites [139]. d First demonstration of Random lasing in CsPb(C1/Br); PNC films,
with inset showing mean-free path | averaged over 25 pump laser shots [106]

Eq. (3.39) along the A — 1 limit, the intermediate value of é ~ 0.7 can be used to
retrofit data relating random lasing threshold with illumination spot area to get the true
disorder parameter of A ~ 1.9 [139]. This indicated correlated disorder that supports
small amounts of quasi-modes that has characteristic lengths of () ~ 50 um [139].
Similar conclusions of random lasing also in CH3;NH3;Pbl; PTFs were discussed by
Shi et al., which also showed similar values of é ~ 0.67 [140]. Reduced random
lasing thresholds through the use of patterned substrates have also been reported
[141].

Figure 3.33d shows the random lasing spectrum for one of the pump laser shots,
on a PNC film with several micron thickness [106]. While the lasing modes are
stochastic, a statistical distribution comprising of 256 consecutive shots determined
the average mean-free path length / ~ 93 um [106]. However, verification with the
ALC reveals the product k, (/) ~ 10° > 1, and was argued to be a case of weakly
scattered random lasing. On the basis that random lasing thrives in agglomerating
or self-assembled PNC ensembles, single and two-photon pumped random lasing
in ~100-200 nm sized CH3NH;PbBr; PNCs have also been reported [142]. Inter-
estingly, three-photon pumped (3PP) random lasing in CH3;NH3;PbBr; PTFs was
reported, although this assignment is debatable due to its spectral resemblance to a
regular ASE profile [143].

Another report of random lasing was shown in structural two-dimensional FA-
(N-MPDA)PbBr, PMWs by Roy et al., as shown in Fig. 3.34 [144]. Figure 3.34a
shows the optical image of an as-synthesized FA-(N-MPDA)PbBr, PMW with rod
length ~3 mm. The inset shows the corresponding top-view SEM image. Figure 3.34b
shows the angular dependent lasing spectra of the PMW. Here, the purpose was to
verify the stochastic nature of random lasing, where relative variation in pump angle
can showcase different quasi-mode outputs. By tilting the PMW within a wide range
of +20°, lasing outputs, albeit with varying spectral modes were still observed,
indicating the multi-directionality and randomness of the output [144]. Figure 3.34c,
d shows the fluence dependent random lasing spectra under a 55 ps pulsed excitation.
Here, the threshold was determined at ~500 nJcm ™2, with an estimated Q-factor of
~5350. Finally, Fig. 3.34e shows that under the ps-pulsed excitation conditions,
random lasing in the PMW can be sustained up to ~2 h.
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Fig. 3.34 Random lasing characterisation in FA-(N-MPDA)PbBry PMWs [144]. a Optical image
of the as-synthesized PMW with ~3 mm length. Inset shows the top-view SEM image of PMW.
b Angular dependence of random lasing within £20° under fixed pumping fluence of 12 uJem 2.
¢ Fluence dependent lasing spectra at 0°, showing d a threshold feature along 500nJcm ™2 with a
simultaneous FWHM narrowing. e Random lasing stability of PMW pumped at 12 pJem ™2

3.3 Summary and Conclusions

In this chapter, we examined the various optical gain mechanisms of common
Perovskite media by focusing on its carrier dynamics. Importantly, detailed knowl-
edge of its carrier optical buildup and avalanche stimulated emission energy
scheme provides insights for engineering lower pump threshold Perovskite lasers.
In Sects. 3.1.1, 3.1.2, 3.1.3, 3.1.4 and 3.1.5, we discussed the various photonic
gain arising from carrier buildups in free-carriers, biexcitons, trions and single
excitons. Primarily, the assignments were done using steady-state PL. observations
and supported by time-resolved PL and absorption kinetics. In Sect. 3.1.6, we
also discussed another type of amplification mechanism, called the polariton gain
which is commonly found in highly anisotropic Perovskite media with large oscil-
lator strengths. In this case, the optical gain arises from the polaritonic conden-
sate macroscopic emission instead of carrier population inversion buildups followed
by avalanche stimulated emission. For this reason, polariton lasing is extremely
appealing due to its much lower gain threshold than regular photonic lasing means.
Next, in Sect. 3.2, we focused on addressing the characterisation and fabrication
techniques for various Perovskite cavity configurations. In the case of Perovskite
VCSELs, meticulous efforts to ensure parallel alignment of the top DBR with active
layer and the bottom DBR together with minimisation of undesirable air columns.
In the case of DFB lasers, the crucial factor to consider is to align the grating’s
Bragg-wavelength A ~ A;,.. Furthermore, Single-mode operation can be promoted
through using wider surfaces L so that more corrugations N can be printed. As aresult
of Perovskites’ visible range emission, reasonable fabrication for DFB lasing is only
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planned for second Bragg-ordered outputs in order to maintain low costs of manu-
facturing these devices. Next, we also discussed the various interesting research
highlights in Perovskite WGM lasing microcavities. Here, frequency upconversion
up to three-photon regime has been demonstrated via the passivation of active PMCs
with hBN. In addition, the so-called vernier effect serves as an excellent way to extract
single-mode WGM lasing in coupled differently sized Perovskite microstructure for
high precision optical sensing applications. Lastly, we discussed that random lasing
is mostly observed in highly disordered PTFs, characterised by their large disorder
parameter G. From Eq. 3.39, a value of % ~ 0.67 affirms random lasing occuring
from highly correlated disorder that supports small number of quasi-modes under
the premise of quasi-three dimensional random model.
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Chapter 4 ®
Outlook and Conclusions Chack or

4.1 General Conclusions

In this book, we provided extensive discussions on key highlights in the Perovskite
laser research field. In Chap. 1, we begin by briefly introducing the concept of stim-
ulated emission, as it is key to the coherent properties of lasers. We have shown that
minimally population inversion of carriers in three-level gain materials is a must for
optical gain. Upon the inclusion of an external cavity, stringent boundary conditions
impose further selection of allowed photon modes that can participate in laser mode
oscillations. Importantly, while single mode laser outputs are preferred due to spectral
purity, they require narrower cavity lengths (larger FSR) and may arbitrarily increase
the gain threshold, and thus, pumping threshold. Lastly, we briefly discussed the two
degrees of optical coherence of lasers, known as the temporal (monochromaticity)
and spatial (directionality) coherence. We have also distinguished lasing from ASE
based on the differences in their light amplification mechanisms. In Chap. 2, we
briefly introduce the generic crystal structures of perovskites in varying structural
dimensionalities. In principle, the structural stability and phase depends on the mutual
compatibility of A, B and X ions as given by the octahedral and Goldschmidt
tolerance factors. Next, we gave an overview of the achievement milestones over
the last 7 years and presented the on-going research interests and development for
Perovskite lasers. As proof of versatility and potential of the Perovskites gain media,
we have also provided an overview of the multitude of ASE and lasing reports for a
variety of Perovskite morphologies, ranging from bulk single-crystals (PSCs) down to
nanocrystals (PNCs). Interestingly, for Perovskite microstructures, lasing commonly
occurs as a consequence of morphological waveguiding effects of the optical modes,
where optical feedback occurs between the end facets without requiring any external
reflective surfaces. In Chap. 3, we focused on the light amplification mechanisms of
Perovskites. Generally, the knowledge of basic dynamics and interactions of a mate-
rial’s primary photogenerated carriers (e.g., excitons or free carriers) is essential when
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attempting to study the underlying carrier dynamics leading to optical gain (mech-
anism). Lead iodide Perovskites generally possess the lowest exciton binding ener-
gies in room temperature and so, its optical gain mechanisms are straightforwardly
assigned to free electron and hole carriers (free-carriers). On the other hand, biexci-
tonic gain and trionic gain mechanisms have been proposed for primarily excitonic
CH;NH;PbBr; and CsPbBrj systems, where single exciton gain mechanisms cannot
occur naturally due to its two-level system analogue. However, we also included
a discussion on reports claiming to observe single exciton gain in mixed-cationic
Perovskite thin-films. For completeness, we also considered another form of lasing,
called the polariton lasing. Polariton carriers are generally found in morphologi-
cally anisotropic materials with large oscillator strengths and unlike photon lasing,
polariton lasing does not require population inversion. Next, we moved on to discuss
several strategies adopted by researchers in reducing optical losses while boosting
stimulated emission in various laser cavity configurations. Importantly, nano-imprint
and inkjet printed Perovskite laser arrays hold the potential of synthetic upscaling
suitable for industrial manufacturing and commercialisation. Finally, we provided
an overview on the current state-of-the-art Perovskite lasers, where we highlighted
various strategies adopted in reports, to gradually increase the thermal stability of
Perovskite lasers under longer durational pulsed excitations that gravitate towards
CW pumping. This chapter completes this book by listing the remaining challenges
that stands between electrically pumped lead halide Perovskite lasers and its projected
environmental impact.

4.2 Remaining Challenges of Perovskite Lasers

Thus far, optical spectroscopic studies of Perovskite lasers have revealed many
evidence of its potential in producing sustainable light energy, based on merits such as
low costs of fabrication and production, sub-wJ cm~2 pumping thresholds and rela-
tively high gain coefficients along ~10°cm™~'. However, several key issues remain
largely unexplored and requires attention before Perovskite lasers could make it to the
commercialisation stage. In this section, we shall consider strategies for handling the
toxicity of lead-based Perovskite media and its thermal stability issues that hinders
its progress towards electrical pumping regime [1].

4.2.1 Toxicity of Lead Halide Perovskite Based Lasers

Lead precursors and solvents (DMF, DMSO and toluene) used in synthesizing
Perovskites are ecologically toxic [1-3]. Furthermore, the pursuit of device perfor-
mance optimisation and large-scale production strategies often results in further
manipulation of solvent chemistry, which adds to the aggregated ecological impact
to the environment [1]. Such toxic chemicals are classified as “substances of very
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high concern” (SVHC) by the European Chemical Agency and the gradual replace-
ment with ecologically safer substances is highly encouraged. Thus, the lead halide
Perovskite lasers are expected to face obstacles to commercialisation, where strin-
gent laws or protocols must be adhered for safe-handling and disposal [4]. Towards
this goal, comprehensive Life-Cycle Analysis (LCA) studies on the long-term effects
of solvents, electrodes, charge selective transport materials and Perovskite precur-
sors on both human health and environmental impacts must be carried out [1, 4].
Figure 4.1a shows the Disability-Adjusted Life Year (DALY) analysis revealed that
the commonly used DMF solvent is most lethal and that other solvents such as
NMP and GBL generally showed trends of causing fetotoxicity, thereby threatening
human reproduction. Thus, this suggests that a set of safety guidelines is necessary
for people working in the solvent production, Perovskite syntheses labs and oper-
ating the Perovskite based devices. Interestingly, Fig. 4.1b showed that while DMF
is extremely toxic to human health, its environmental footprint in terms of toxicity,
global warming and particulate pollution are much less harmful than GBL, NMP and
THF.

Other sources of environmental pollution in the production of Perovskite lasers
are lead ions, its metallic end-electrodes and charge-selective transport layers, all of
which form the end product device [4]. Contrary to popular belief (Fig. 4.2), a study
of B-cations Perovskite solar cells conducted by Serrano et al. found that lead ions
(Pb%*) generally pose little health and environmental impacts and are in fact lower
toxicity than tin ions (Sn?*). Instead, the study point to the solar cell’s back electrodes
(e.g. Au) as the major culprit behind human toxicity (cancerous and non-cancerous),
freshwater eutrophication & ecotoxicities, and non-renewable depletion [4]. Since
the device stack of solar cells is analogous to lasers, similar conclusions should
apply in this case. Thus, scientists and manufacturers intending to commercialise
lead-based Perovskite lasers should be aware of the inaccuracy of the preconceived
notion of lead as the major source of toxicity and pollution [4].
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Fig. 4.2 The comparison of Normalised Environmental impact values between lead-based and tin-
based Perovskite solar cells [4]. Evidently, the major source of health and environmental impact is
surprisingly the metallic back-end electrodes rather than lead ions

With sufficient knowledge of the health and environmental impact of lead-based
Perovskite laser devices, the last part of the LCA is to discuss its “end-of-life”
strategies, as shown in Fig. 4.3. In Fig. 4.3a, incineration of Perovskite solar cells
(and lasers) is encouraged while landfill disposal is highly discouraged, mainly due to
health threats such as cancerous, non-cancerous toxicity and marine eutrophication
[4]. In fact, landfill disposal is extremely unsuitable, as bioaccumulation of lead
and other toxic chemicals can leak into the groundwater and infiltrate agriculture
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Fig. 4.3 a The normalised environmental and health impact values of manufacturing and disposing
lead-based Perovskite solar-cells (PSCs) [4]. b The DALY analysis for various end-of-life solvent
disposal/retrieval strategies, with both incineration and solvent recovery with distillation yielding
energy credits [1]
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[2, 3]. Other health consequences include mental retardation and developmental
delay in young children, as well as congenital paralysis, chronic nervous system
and other intestinal organ damages in adults [5, 6]. Similar conclusion encouraging
incineration of Perovskite devices at its end-of-life are shown in Fig. 4.3b, where
incineration and distillation recovery of solvents can lead to accumulation of energy
credits [1]. Note that additional costs may be incurred for recovery strategies, such
as post-treatment waste handling and generation of side products (e.g. polyethylene
terephthalate, which can cause water intoxication [4]) and emissions incurred for
instance, in waste incineration and distillation [1]. Figure 4.4 illustrates the typical
life-cycle of Perovskite devices.

With reference to Figs. 4.1, 4.2, and 4.3, it is evident that both the production and
disposal ends of lead-based Perovskite devices entailed serious health and environ-
mental impacts, it is clear that safety and environmental protection protocols must
be drafted, covering (i) manufacturing raw substances and Perovskite device fabri-
cation and (ii) end-of-life disposal, re-cycling and solvent recovery are needed [7].
As such, it can be projected that the future commercial viability of lead Perovskite
laser devices will depend greatly on strict laws or until safer alternatives (solvents
and electrode choices) can be found, while maintaining lasing device efficiencies.
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Fig. 4.4 A life-cycle schematic illustrating the production and disposing of lead-based Perovskite
devices. Solvents are produced and transported to factories fabricating Perovskite solar cells and
laser devices. Subsequently, the end-of-life strategies proposed are either (1) direct solvent emission
to the environment or by first solvent condensation and (2) waste incineration, (3) direct re-cycling
of condensed solvents or (4) distillation for solvent and precursor recovery, of which any other
remaining undistilled matter are incinerated. An undesirable disposal is (5) landfill, as the bioaccu-
mulation of lead and other toxic solvents will pollute agriculture and freshwater that is critical to
human sustenance and survival
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Currently, less toxic routes for fabricating lead halide Perovskites have been
proposed [8, 9], while others focus on substituting lead with other group 14 (IV-
A) metals, although they generally suffer from decreased stability in maintaining the
2+ oxidation states in when moving up in the periodic table [10-12]. For instance,
the active oxidation interplay between the Sn** and Sn** states causes destabilisation
of Perovskite structures and had to be stabilised by SnF, treatment for stable lasing
applications [13]. Alternatively, rare-earth substitutes may also be considered, as the
Europium-based CsEuCl; PNCs have been synthesized and reported to possess very
similar optoelectronic properties to its lead-counterparts [9]. This work is exciting for
reasons appealing beyond toxicity but also as an alternative promising candidate for
developing stable deep-blue Perovskite lasers, which is still currently a huge research
gap in the field. Conventional CsPbCl; and CH3NH;PbCl; had faced problems in
producing room-temperature [14] deep-blue ASE and lasing due to strong compe-
tition of non-radiative channels arising from defect states [15]. For the convenience
of readers who are interested in understanding the development of other lead-free
(bismuth, germanium and etc.-based) Perovskites, we encourage them to refer to a
review by Hang et al. [16] and Yi et al. [17].

However, the stability of the 2+ oxidation state decreases when moving up within
the group 14 (IV-A) elements (tin and germanium). The efficiency and stability values
reached for lead-free or tin-based approaches are currently much worse than those
for lead-based PSC [15, 18, 19, 22].

4.2.2 Electrically Pumped Perovskite Lasing: Device
and Thermal Managements

While the successful demonstration of electrically-driven Perovskite lasers remains
a major challenge, optimising both the Perovskite optical properties and device
construction should gradually lead us to this end goal. For an optimal Perovskite
gain media, we require (I) high quantum yields (low defect density), (II) slow non-
radiative loss channels (in population inversion, large carrier densities regime), (III)
high carrier mobilities and (IV) high thermal conductivity and stability [18]. Recently,
Perovskites have seen various success with stable CW pumped lasing, as attributed
to high quantum yields with low defect density, suppression of multiparticle auger
recombination and high carrier mobility. However, maximisation of carrier densi-
ties as well as device engineering tailored at material thermal stability are major
hurdles that remains to be tackled. In other words, scientists should focus efforts
on device structural engineering aimed at improving electrical injection efficiencies
and reducing device heat generation under prolonged device operation by intro-
ducing compact and feasible heatsink mechanisms for complementing Perovskite
active layers [19-21].

Carrier densities maximisation in response to fixed electrical injections is impor-
tant as it indicates a lower injection threshold is required for achieving population
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inversion. In a device stack surrounding the Perovskite active layer, its performance
efficiency greatly depends on the interplay between several dynamical processes
shown in Fig. 4.5a. Here, for instance, bimolecular ASE buildup in a free carrier
systems such as CH3;NH3Pbl; often competes with non-radiative (trimolecular or
higher) Auger recombination and is known to raise optical pumping threshold from
10" to 10"8cm =3 in CH3;NH3Pbl; PTFs [22]. For devices, electrical injection losses
due to interfacial traps found between charge transporting to active layers (Fig. 4.5b)
may also contribute to raising the device’s operating injection threshold. By devel-
oping strategies to suppress auger recombination while increasing stimulated emis-
sion recombination rates and reducing injection losses, one can arbitrarily lower the
injection thresholds and increase the net modal gain coefficients. Essentially, the
maximisation of injected carrier density can be done by optimising a Perovskite
active layer’s quantum yield.

Given that k;, 2, 3 are the mono-, bi- and trimolecular recombination rates and n
to be the corresponding carrier density, the quantum yields & can be defined as:

l’lkz
@ = 4.1
FC(”) nk2 + (k] -+ n2k3) ( )
k
dx(n) = — (4.2)
ki + nk;

In a free-carrier system described by Eq. (4.1), the carrier density refers to the
electron and hole carrier densities such that n = n, = nj. Evidently, increasing
the active layer’s ®pc reduces the trap densities (| k) and auger recombination
({ k3). Similarly, for excitonic systems, the trionic and biexcitonic carrier maximi-
sation firstly depends on the maximisation of their primary exciton densities. As
described by Eq. (4.2), increasing the active layer’s ®x reduces the auger (X—
X annihilation) recombination (| k) channel, thereby increasing the efficiency of
trionic or biexcitonic carrier formation and build-ups. Recently, as proof-of-concept,
Yao et al. reported a significant increase in CsPbBr; PNC based LEDs’ external
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quantum efficiencies (EQE) from 5.5 to 9.1% coupled with low efficiency roll-
offs, via surface ligand exchange strategies [23]. The report emphasizes that the
exchange from conventional long-chained oleic acid/oleylamine ligands to cerium-
tributylphosphine oxide hybrid ligands effectively reduces surface traps on PNCs,
leading to quantum yield increase and suppression of auger recombination [23].
Given the similarity between a Perovskite LED and laser device structure, such strate-
gies aimed at increasing electroluminescence quantum yields will aid in reducing
the injection threshold required for lasing operation. Apart from increasing quantum
yield, another strategy to reduce injection threshold is through a change in optical
gain mechanism. For excitonic systems, trionic gain is favored over biexciton gain, as
the former relatively mitigates auger X—X annihilation along the sub-excitonic carrier
density regime [24, 25]. Near-zero optically pumped thresholds for doubly charged
inorganic Chalcogenide QDs have been observed [24, 25] and are expected to trans-
late to equivalently low electrical injection thresholds. However, these efforts are yet
to be seen in PNCs, possibly because of its complex surface chemistry involved and
therefore remains as a research gap.

A common mechanism for severe heating in Perovskite devices is due to auger-
heating caused by auger recombination. As such, effective thermal management
strategies should be integrated into the resulting device in order to complement the
Perovskite active layer’s poor thermal conductivity. For comparison, lead halide
Perovskites (k3 ~ 3 x 1072cm®s™") are found to possess one order of magni-
tude higher auger recombination rates than GaAs (k3 ~ 2 x 107*em®s™"). At
the same time, studies also revealed that slower auger rates in tin-based FASnl;
PTFs (ks ~ 9.3 x 107em®s™1) [26], despite its slightly higher toxicity. While
this perspective seem to showcase a better suitability of tin-based Perovskites as
better gain media than their lead-based counterparts, the former is also plagued by
severe stability issues that relies on SnF, treatment [13]. In a review by Sargent
et al. [18], a simulation (Fig. 4.6a) assuming near unity quantum yield Perovskite
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Fig. 4.6 a A simulation of the Perovskite thermal conductivity in comparison to organics and
epitaxial single crystal semiconductors [18]. The simulation was run under the assumption of
complete radiative recombination in a 200 nm thick Perovskite film under the injection density
of 1 kA ecm™2, with a free-carrier density of 10'® cm—3 generated. b Schematic of a proposed
Perovskite laser diode consisting of end electrodes, followed by charge selective transport layers
sandwiching a central Perovskite active layer
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material with 200 nm film thickness possesses thermal conductance of
<0.3W m~! K~! under an injection density of 1 kA cm~? and free-carrier density
of 10'® cm™3. In real Perovskite systems with non-negligible Auger recombination,
its true thermal conductivity is even lower than this simulated value. In other words,
thermal management should be achieved by introducing additional cooling elements
in the device stack, such as the use of Al,Oj3 layer for heat-sink effects to overcome
lasing deaths in a DFB device structure [27].

Finally, the achievement of electrically driven Perovskite laser devices ends with
a proper combination of layers complementing the Perovskite active layer. Good
knowledge of layer planning and strategies used to tackle efficiency roll-offs could
serve to benefit in this aspect, as Perovskite lasers are similar to its LED (PeLED)
counterparts, except that the former operates in much higher current injection regimes
(J > 100 A cm’z) and the latter at much lower current injections (J <lA cm’z)
[28].

With the achievement of EQE > 20% in PeLEDs, the likelihood of developing
Perovskite laser diodes is fairly reasonable, as intrinsically long carrier diffusion
lengths and mobilities [29], coupled with negligible Auger losses were reported for
PeLEDs [28]. To project potential issues faced by a laser diode designed similar to
a PeLED, scientists began exploring PeLEDs pumped under intense current densi-
ties [28, 30]. Interestingly, while meticulously designed “small-area” PeLEDs have
shown tolerance and sustain operations at J > 600 A cm~2 [28] and J > 900
A cm™2 [30], both designs suffered from EQE roll-off due to Joule-heating and
charge injection imbalances (instead of Auger losses) [28, 30].

Generally, the efficiency roll-off in Perovskite LEDs (and presumably in
Perovskite laser diodes too) are caused by (I) unbalanced charge injection, (II)
Auger recombination (non-radiative) and (IIT) Joule-heating [31]. In 2015, Yuan
et al. reported that unbalanced charge injection would severely affect excitonic based
PeLED systems as the net electric field created within the Perovskite layer inter-
nally, would result in exciton ionization and cause ASE quenching [32]. Electric
field strengths up to 10° V cm™! can greatly lower EQE and that careful selec-
tion is needed when coupling ETLs and HTLs to the end-electrodes. Very recently,
it was reported that these three roll-off factors can be collectively mitigated in a
single PeLED stack, by designing (i) energetic ladder for balanced charge transports,
(ii) material optimisation by replacing insulating long chains of PEABr with ionic
KBr that helps to reduce Auger recombination rates and (iii) replacement of glass
with thermally dissipative substrates such as sapphire in a quasi-two dimensional
Perovskite system [31]. Importantly, this work highlights that the resulting device
can operate under a sustained current injection densities close to ~1 kA cm™2, which
is close to the Perovskite lasing injection regime [31]. In addition to replacement of
glass with thermally dissipative sapphire substrate, heat sinks, small area injection via
nanopatterning was shown to effectively combat Joule-heating by allowing the heat
to dissipate to the surroundings. A combination of both passive and active cooling
approaches may be necessary. Interestingly, this work acknowledges that despite the
triple optimisation of the Perovskite LED, based on the figure of merit J x EQE
calculations, it was determined that even their best LED sample was falling short



124 4 Outlook and Conclusions

of the lasing threshold required by at least one order of magnitude. Despite various
valuable lessons that can be picked up from the Perovskite LEDs, it is important
to also consider that Perovskite lasers require an external cavity for optical mode
confinement. Since most PeLEDs stacks do not offer optical confinement, ultralow
optically pumped ASE thresholds along sub-j.J cm~2 could only be acquired in most
of these papers discussed above.

An early proposal of the Perovskite laser diode is the conventional edge-emitting
laser diode structure shown in Fig. 4.6b [18]. Here, the diode consists of a thin
Perovskite active layer (orange) sandwiched between much thicker charge trans-
port layers of lower refractive indices. In this way, the stimulated emission is effec-
tively confined within the Perovskite active layer. The roughened end-facet re-directs
approaching stimulated emission light back while the smooth end-facet acts as the
output coupler for lasing emission. Although the design looks simplistic, selecting
suitable charge transport (ETL and HTL) layers can be complex because it can
affect the Perovskite layer’s interfacial stability and carrier dynamics. In addition, the
proposed structure has a lack of optical confinement mechanisms (mirrors and etc.)
and mostly rely on end-facet reflection and refractive index contrast induced waveg-
uiding effects. Furthermore, the lack of heat-dissipative mechanisms in the stack
shown in Fig. 4.5a imply that Joule-heating would continue to be an existing problem
unless a thermally more stable Perovskite system can be found. Very recently, Qin
et al. reported stable room temperature CW-pumped lasing in quasi-two dimensional
Perovskite films integrated into a DFB grating layer without any thermal manage-
ment strategies [33]. Here, the success was attributed to the suppression of triplet
excitons by injecting a triplet-quencher such as oxygen or organic molecules with
lower triplet energy than that of the Perovskite frameworks [33]. Interestingly, they
reasoned that the main cause of concern for CW-pumped lasing death phenomenon is
likely due to the active singlet—triplet exciton state annihilation (STA) that impedes
optical gain during optical excitations. This highlights a much more deep-seated
issue with the optical gain mechanism of Perovskite materials rather than several
device-related concerns that make them premature for electrical injection studies.
Although not discussed within the work, this result may however indicate that the
quasi-2D gain media may potentially have relatively higher thermal conductivities
than its archetypal three-dimensional counterparts, making the former more viable
as candidates for deriving electrically-driven Perovskite lasers in the future.

4.3 Concluding Remarks

While excellent optically pumped lasing performance projects great potential for
electrically pumped Perovskite lasers, the task is still ardous because of unoptimized
material quantum yields (needed to raise radiative rates and suppress auger rates)
and poor intrinsic thermal conductivity of Perovskite active layers. Furthermore,
due to similarities in PeLEDs and Perovskite lasers, one needs to be mindful of (I)
efficiency roll-offs due to Joule-heating and unbalanced charge injection and (II)
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suitability of electrodes and charge transport layers to the Perovskite layer such that
no interfacial complication arises. In addition, unexplored factors such as electrical
injection damage threshold and stability may pose as future problems upon the reali-
sation of the first prototype Perovskite laser diode. Despite the multitude of problems
that makes electrically driven Perovskite lasers seem daunting, we believe that the
intensive international research efforts hold promise in solving these issues and this
ultimate goal may be achieved within this or the next decade.
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