ABSTRACT

MEHTA, YASH. Manipulating Light-Matter Interaction in Organic Small Molecules and Hybrid
Organic-Inorganic Perovskites (Under the direction of Dr. Franky So).

Lightemission in semiconducting material remains a technologically relevant field of study
after J. C. Maxwell laid down the mathematical formalism unifying classical electromagnetism
and its interaction with matter in the early 1860s. Since then, there have been groundbreaking
developments to the framework resulting in unification of the quantum mechanics with
electromagnetism into quantum electrodynamics (QED). This newfound understanding has shed
light on photon-photon and photon-matter scattering, quantum entanglement, and non-classical
light sources. In this dissertation, | study both traditional and well understood optoelectronic
devices like OLEDs (organic light emitting diodes), perovskite-based lasers, along with incipient
phenomena like cooperative emission in perovskites based on their light emission mechanism.

OLEDs are representative p-n diodes consisting of organic material sandwiched between
two electrodes on either end. When current is injected through the electrodes they propagate
through the layers and eventually undergo radiative recombination at the emissive layer. The
radiative charge recombination is governed by spontaneous emission process and emits lambertian
light which is used extensively in solid-state lighting fixtures and handheld displays. A developing
area of application has been for near-eye display like V/R and A/R glasses which requires light
emission along certain directions while suppression in other. To achieve this, we used diffractive
optical elements integrated into the device structure to demonstrate directional and polarized light
emission. By selectively extracting the TE mode which is optimized for high intensity and

simultaneously suppressing other modes by tuning the layer thickness, the farfield emission pattern



was shown to have a low beam divergence of ~4° with an external quantum efficiency (EQE) of
7%. To our knowledge this was the first ever demonstration of such a device architecture.

Next, | studied how the stimulated emission process in perovskite lasers can be optimized
for greater amplification efficiency through optical cavity redesign. Metal halide perovskites
(MHP) are versatile, solution-processed materials with high internal quantum efficiency (IQE),
optical gain, and light emission properties identical to traditional inorganic semiconductors making
them appealing for laser applications. However traditional solution-processed lasing devices rely
on a single cavity architecture for optical feedback. In this work we combined a 2" order
distributed feedback (DFB) cavity with a transverse Fabry-Pérot cavity — hereafter referred to as a
Hybrid cavity — to demonstrate a low threshold multimode lasing device in the visible spectrum.
The DFB serves as the primary oscillatory feedback element while for the Fabry-Pérot cavity a
thin silver mirror is fabricated at the interface between the glass substrate and the perovskite gain
medium. On comparing the amplified spontaneous emission (ASE) property of the conventional
structure with the hybrid structure a noticeable improvement was observed. The threshold fluence
for the ASE peak was more than halved from 36.9 puJ.cm= to 17.5 uJ.cm2which was attributed to
the increased photon density of states (PDOS) in the hybrid cavity and a concurrent longer cavity
photon lifetime of 62 fs compared to only 27 fs in the conventional cavity as evident from the
slope efficiency in the ASE input-output curve.

Eventually, 1 study non-classical Superfluorescent light emission in  MHP.
Superfluorescence is an ultrafast burst of coherent light resulting from intricate dipole-dipole
correlations. The system of individual emitters develops a macroscopic dipole moment over a
finite delay time with a common phase making it coherent and distinct from spontaneous and

stimulated emission. However, due to the stochastic origin of the dipole synchronization process



the characteristic timescales, namely the delay time and the pulse width, are random limiting its
potential for novel applications. To overcome this, we encapsulated the perovskite material in a
low-Q cavity and by tuning the cavity resonance with respect to the material resonance we show
a deterministic control over the light-matter interaction strength as evident from the ultrafast time-
resolved study. We demonstrated statistical control over the time dynamics with the delay time
having a variability from 7.5 ps to 9.1 ps while the pulse width having a variability from 3.6 ps to
4 ps for the planar reference sample and the on-resonant sample respectively at threshold fluence.
Additionally, by modeling the pulse broadening effect of the cavity we extrapolated the group
delay dispersion (GDD) value for perovskites which is a critical parameter for soliton propagation

in an optical communication network.
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contribution while the 3D peak has an inconsistent amorphous nature. ...........cccccecevveresinennnnn 114

Figure 5.8: (a) - (c) and (d) - (f) evolution of the steady state PL spectra for differently
engineered film dimensionality for the neat films and the blended films. All films show ASE
secondary peak with differing threshold values (i)The blended films, in general, have a
significantly lower threshold for ASE when compared to the neat films with the threshold
increasing as the perovskite dimensionality increases. n=3 prepared film shows overall the lowest
threshold for both the blend and the neat case. (g) The FWHM decreases as a function of the input
excitation fluence and (h) the input-output curve for the n3B films shows a linear increase until

the threshold after which the slope increases resulting in a kink in the integrated intensity curve.
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CHAPTER 1: Fundamentals of light emission in organics and perovskites

Certain sections of this chapter are excerpts based on previously published results:

Moon, J., Mehta, Y., Gundogdu, K., So, F., Gu, Q., Metal-Halide Perovskite Lasers: Cavity
Formation and Emission Characteristics. Adv. Mater. 2023, 2211284.
https://doi.org/10.1002/adma.202211284

In this chapter we will introduce the material properties of metal halide perovskite (MHP)
and organic small molecules that make them appealing for light emitting applications. We also

discuss the different regimes of light radiation and highlight the distinctions between them.

1.1. Organic light emitting diode (OLED)

OLEDs are made from m-conjugated small molecules with sp? hybridization with the
remaining delocalized p-orbital electrons responsible for electrical conduction.! These small
molecules can be thermally evaporated which allows for intricate device stacks and separation of
layers based on their functions for instance transport layer, blocking layer, injection layer, and so
on as seen in a representative schematic in Figure 1.1. The injected carriers from the end electrodes
(holes through the anode and electrons through the cathode) hop through the layers and form
excitons in the emitting layer (EML) which eventually spontaneously recombine to generate
photons. Owing to the layered heterostructure design and the difference in relative permittivity of
the medium, a portion of the emitted light is trapped inside the device while the remaining travels
outside the device forming a solid angle of emission resulting in a Lambertian profile. The figure
of merit to quantify the outcoupled light to the number of injected charges in the device is given

by the external quantum efficiency (EQE).



The efficiency and lifetime of OLEDs have increased steadily over the past three decades
after the first promising demonstration by Tang and VanSlyke.? The industrial success of OLED
in the display and solid-state lighting is already well documented and building on the technological
maturity a new application area is being envisaged: virtual and augmented reality display.
Depending on the face from which the light exits the device we either have back-emitting OLED
(BEOLEDS) or top-emitting OLED (TEOLEDs) where the former is preferred for lighting fixtures

and the latter for display applications.
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Figure 1.1: Charge transport and recombination in band-aligned OLED heterostructure.

1.1.1. Spontaneous emission

The physical picture of light emission in OLED architecture corresponds to an oscillating
dipole in a weak Fabry-Pérot due to the surrounding reflective electrodes. Depending on the spin
state of the recombining charges it can either be fast fluorescent emission from singlet states or
relatively slow phosphorescent emission from triplets. Though the spin-selection rules are

important, generally the probability of transition can be described by Fermi’s Golden rule,

2T
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where d is the dipole moment operator, E is the electric field strength and p is the density of states.
The formula represents the probability of an excited state |e) to relax radiatively to the ground
state |g) driven by reservoir electric field and the material’s dipole moment dependent on the
density of available states (DOS) at the concerned energy levels. Coincidentally, A. Einstein in
1917 derived a fundamental relation for optical transition based on simple differential equations
to account for the state population in a two-level system, equivalent to Fermi’s Golden rule, and
showed that the spontaneous emission probability is exactly equal to the absorption probability
except for a minus sign indicating the direction of the process.

Despite the almost unity internal quantum efficiency (IQE) of current fluorescent and
phosphorescent material that rely on maximizing the spontaneous emission probability, there are
still open challenges that need to be solved one of which is improving the light outcoupling
efficiency and wavefront control which is critical for near-eye display (NED) technology. This
thesis will focus on making use of nanostructures to redistribute the trapped light energy inside
one of the several multilayers in OLED to useful leaky modes that can be extracted as useful
radiation. Additionally, the use of integrated diffractive nonstructural elements allows for
wavefront shaping which would otherwise require bulky optical components outside the OLED
pixel adding to the weight and design complication for virtual/augmented reality glass and near-

eye display technology.
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Figure 1.2: Exciton recombination can be either radiative or non-radiative. The radiative
pathway can be further divided into leaky mode and guided modes which, if not extracted, can
result in heating losses. Using a well parameterized nanostructure at the right interface can
convert some of the guided modes to leaky modes which eventually escapes the device as useful
light radiation. After extraction guided modes retain their wavevector information which can be

useful for beam shaping applications.

1.2. Metal Halide Perovskite (MHP)

Hybrid metal-halide perovskites (MHPs) have shown remarkable optoelectronic properties
as well as facile and cost-effective processability. With the success of MHP solar cells and light-
emitting diodes, they have also exhibited great potential as gain media for on-chip lasers. The
family of perovskites has a stoichiometry of ABXs, consisting of a network of corner-sharing BXs
octahedra (Figure 1.3). ‘A’ and ‘B’ refer to cations, and ‘X’ refers to an anion. The Goldschmidt’s
tolerance factor (t) and the octahedral factor (u) describe the stability of crystal structures of
different sizes and charges of ions. By controlling compositions in the ABXs stoichiometry,

bandgap tuning over the visible and near-IR spectral ranges — regions that are most suitable for



photovoltaic and light emitting devices — can be easily achieved. MHPs also has a long carrier
diffusion length and a long carrier lifetime for efficient solar cells, as well as high color purity,
high brightness, and a narrow emission peak for applications in LEDs and lasers.®# In addition to
MHPs, low-dimensional metal halides have also attracted considerable attention for LEDs and

lasers due to their better humidity stability.®

)
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Figure 1.3: Schematic of the octahedral geometry of metal halide perovskite with ABX3
stoichiometry. Due to the soft and dynamic lattice, perovskites are prone to undergo phase

transition from cubic to tetragonal and to orthorhombic as temperature decreases.

Despite the significant progress in the growth of single-crystal MHP, spin-coated
polycrystal MHP films are still widely used as the gain medium in MHP lasers because of ease of
fabrication, and the quick turnaround time for device prototyping. Moreover, the fact that single-
mode lasers generally require thickness in the range of 100 to 300 nm (= 1/(2n.;y)), and for
emission wavelength 4 in the range of 405 to 1080 nm, the effective refractive index of the cavity
mode n., is usually close to the refractive index of MHP of ~2.° Making thin single crystalline
MHP of less than 300 nm is extremely challenging, whereas making thin spincoated MHP films

is relatively easier due to the wide degree of processing conditions.



Since the crystal quality, fabrication methods, and the optical environment can affect the
emission characteristics of perovskites, it is essential to distinguish between different emission
regimes. Depending on the nature of the light-matter interaction and the dipole-dipole correlation
strength, the emission can either display spontaneous emission, amplified spontaneous emission
(ASE), stimulated emission, or superfluorescence (SF) behavior. Next, we present a simple dipole

model that qualitatively determines the emission mechanism.

1.3. Verification of emission behavior in MHP thin films

Because the crystal quality and fabrication methods affect the emission characteristics of
laser cavities, as discussed in the previous sections, it is essential to study how to verify laser
emission from MHP laser cavities and how the emission differs from amplified spontaneous
emission (ASE) from MHP thin films without a cavity. Depending on the nature of the light-matter
interaction, the emission can either display the more commonly observed spontaneous emission,
amplified spontaneous emission, stimulated emission, and superfluorescence (SF) emission due to
macroscopic quantum phase transition. Here, we present a simple dipole model that qualitatively
determines the emission mechanism, then show examples of each type of emission in MHP thin

films and cavities.

1.3.1. Dipole model

In semiconductor gain materials, excited electron-hole pairs can emit photons that differ in
their characteristics depending on the initial preparation conditions, external perturbations, the
phase of the dipoles, and the ambient environment, among other factors. In general, most of the
steady-state characteristics of an emitter can be understood from the classical dipole oscillator

model, as its behavior is like an atom if one does not consider material complications such as lattice



interaction. The classical Equation of motion for a dipole in a periodic quadratic potential V is
given by’
mji(t) = —yu(t) — Ku + e*E(t) oy
where m and u(t) is the dipole mass and displacement respectively, y is the damping
coefficient, K is the constant of the restoring force, and £(t) is the magnitude of an externally
applied electric field. Simplifying this expression by using the oscillator’s natural resonance
frequency w, = \/k/—m with k being the wave number, and solving for the dipole displacement

u(t) results in

B(E) = R(Eo)exp [~ (¢ = t5) + ja(t = &) + jebo] @

The natural frequency w, gets modified by the damping from inter-particle and lattice interactions,

2
resulting in w; = /wg - (g) , with ¢, being the phase of the dipole at time t,,.

If we assume that all N dipoles oscillate unperturbed and in phase with each other, the
macroscopic polarization of the gain medium p(t) can be obtained by summing over all individual

dipoles labeled by index i,

NV

PO = V4 Y (6) = Nultoexp [~ 5 (6 = ) + it = to) + jbo) ©

=1
Because of the physical proximity and in-phase oscillations of dipoles, the net polarization of the
system gets amplified, leading to a coherently oscillating system with the same phase and radiating
energy proportional to [Ny, |?, and hence proportional to N? — a consequence of the formation of
a coherent macroscopic polarization and a signature of coherent cooperative emission.
Unfortunately, perturbations are pervasive and distort the phase evolution of the dipoles,

which impedes the formation of a coherent macroscopic polarization. The most prominent type of



perturbation is scattering or collision among dipoles. Other forms of perturbations include doppler
dephasing due to the distribution of the velocity of particles exhibiting Brownian motion and
thermal vibration which changes the interparticle distances thereby changing the resonance
frequency w,. As a result, the initial phase ¢, now gets scrambled on a local scale with each of
these dephasing events, leading to an attenuation of the macroscopic polarization. After a time
period t that is longer than the characteristic dephasing time T, ,the mean value of the dipole
displacement becomes zero, i.e., (¥ u(t)) = 0 and the macroscopic polarization is completely
lost. In this case, each dipole oscillates individually and with no phase relationship with each other
(i.e., random phases), radiating energy N |u,|? which is the well-known spontaneous emission, and
it differs from cooperative emission by an amplifying factor N instead of N2. From this, we can
conclude that for cooperative effects to be dominant and manifest themselves in the system the
population evolution should be faster than the dephasing time, which we will discuss in more detail
in Section 1.3.4.

With T, describing the characteristic time of dephasing events in a homogeneous medium

(T, for an inhomogeneous medium), the population dynamics for the decaying dipoles can be

written as®
N = —=N(t)/T, (4)
whose solution is,
t—t,
N(t) = Noexp (———2) (5)
2
resulting in a macroscopic polarization
y, 1 . .
p(t) = No.u(to)exp [(__ + _)(t - to) +]wa(t - to) +J¢o] (6)
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We can therefore confer that the amplitude of the decay rate of a dipole now gets modulated by
dephasing events as (—y/2 + 1/T,). This expression is also then the homogenous linewidth of
the dipole transition — a consequence of Fourier transforming from the time domain to the
frequency domain. Compared to Equation 3, the dephasing events cause the decay of macroscopic
polarization much more rapidly, resulting in a loss of coherence.

Three emission processes that have unique spectral features are ASE, stimulated emission,
and superfluorescence. ASE and superfluorescence are both spontaneous emission processes, with
the level of dipole coherence distinguishing the two phenomena. Meanwhile, stimulated emission
is a coherent amplification process that typically requires an external optical cavity. In the
following, we describe their similarities and differences, and how each process can be
experimentally verified.

1.3.2. Amplified Spontaneous emission (ASE)

Spontaneous emission is the only optical process that doesn’t require the presence of a
photon in the initial state and is inherently stochastic in nature. Materials with large optical gain
can achieve population inversion and amplify the spontaneously emitted radiation even without a
resonant cavity, resulting in a quasi-coherent beam referred to as ASE.®>!! For example,
spontaneously emitted photons can induce more spontaneous emission from the population
inverted dipoles when propagating through MHP gain medium in a single pass in a thin film
configuration.’

Compared to spontaneous emission-dominated PL, ASE has a higher peak intensity and
narrower linewidth (Figure 1.4a-left) and is more directional with moderate spatial coherence.
Emission directionality is a consequence of amplification along the light propagation axis of the

gain media. The medium then acts as an aperture diffracting light in a cone shape over a solid



angle 8 = a/L (Figure 1.4b). The level of ASE from thin films can be directly correlated with the
material gain coefficient; ASE can thus provide insight into the amplifying ability of the gain
medium.'? Regarding spectral features, ASE manifests as a narrowband Gaussian lineshape
compared to the wideband Gaussian lineshape of spontaneous emission. In MHP, ASE can be as

narrow as a few nanometers, while spontaneous emission is tens of nanometers in linewidth.34
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Figure 1.4: (a) PL spectrum of an oriented quasi-2D CsPbBrs film as a function of the excitation
fluence showing the evolution from the broadband PL to the narrowband ASE (left). L-L curve
with a kink indicates the ASE onset threshold (right). (b) Emission cone for ASE resulting in

directional emission.

The intensity of ASE strongly depends on the excitation spot size and shape.®>* In thin

films, ASE grows with the length of the excited gain medium L as I « e(®%) where « is the optical
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gain coefficient. The optical gain of MHP can be measured via the variable stripe method. ¢ Using
the waveguide mode of MHP thin films, optical gain is determined by I(L) = %(e(“” — 1) where

Q is a proportionality parameter that contains information about the photophysical property of the
active region. Depending on the type/quality of MHP films and measurement conditions (e.g.,
temperature and pulse width), gain values of 12 — 3200 cm* have been reported from MHP thin
films.17-22

At low excitation densities, spontaneous emission is dominant; at high excitation densities
approaching the ASE threshold, the material loss is fully compensated by gain leading to amplified
emission over a narrow spectral region of the PL spectrum. The light input — light output (light-
light) curve shows a “kink”, signifying the ASE threshold as seen in Figure 1.4a-right. ASE has
many features similar to lasing -- like threshold behavior, linewidth narrowing, and spatial
coherence. However, due to the lack of optical feedback, ASE lacks temporal coherence and
presents an intermediate stage between an incoherent spontaneously emitting thermal source and

a coherent laser source.1>23

1.3.3. Stimulated emission

In a resonant cavity at high pumping levels, the dipole population in the gain material
becomes inverted, and an incoming photon stimulates the excited dipoles to coherently emit a
photon cascading into an amplification process. Unlike spontaneous emission in which emitted
photons have different phases, electronic dipoles are excited by photons of the same wavelength
in lasing. The emitted photons thus retain their temporal and phase information of the excitation
photon. Typical features of lasing include narrow emission linewidth, a threshold behavior (a
“kink”) in the light-light curve, emission directionality, and good spatial coherence. Figure 1.5a

shows a cross-sectional SEM image and emission characteristics of a DFB laser with quasi-2D
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(PEA)2FAn-1PbnBran+1 dissolved in NMP as the gain medium. The quasi-2D DFB laser exhibits
narrow linewidth (Figure 1.5b), TE-polarized nature of emission (Figure 1.5b-inset), threshold
behavior (Figure 1.5c), and far-field interference pattern of the DFB laser with a bright central

fringe (Figure 1.5c-inset), which are indicative of lasing.
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Figure 1.5: (a) Cross-sectional SEM of 1D sinusoidal DFB grating with solution-processed
MHP. (b) The broad PL spectrum is shown in red, and the narrow lasing transition is shown in
blue with an FWHM of 1.7 nm; the inset shows the TE-polarized nature of the laser emission.
(c) The integrated intensity with a distinct “kink™ indicates lasing onset at a lasing threshold of
10 pJ/icm?; the inset shows the far-field interference pattern, showing spatial coherence of the

emission. (a)—(c) Reproduced with permission.*! Copyright 2020, Wiley-VCH.

In the last two decades, advancements in nanofabrication and the incorporation of metal
into laser cavity design have allowed the realization of subwavelength-sized lasers, i.e.,
nanolasers.?* Nanolasers feature small mode volumes and moderate Q factors, and several
perovskite nanolasers have been demonstrated.?>?” Because of the small cavity size, a nanolaser
can support only a few resonant modes in the spectral window of gain. As a result, the spontaneous
emission factor S (the fraction of spontaneous emission channeled into the lasing mode) can be

high. In the case that only one resonant mode is supported, a unity g can be achieved. While high-
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B is generally desired due to the efficient channeling of spontaneous emission into the lasing mode,
the distinction between lasing from ASE and even spontaneous emission becomes even more
complex.?® As depicted in Figure 1.6a, as 8 increases from the typical 1 x 10~3 in micro-scale
lasers to near unity in nanolasers, the “kink” in the current-in light-out curve that signifies the
lasing threshold gets diminished. In addition, the emission linewidth does not approach the
Schawlow-Townes limit.2>3 Such high-p lasers are controversially termed thresholdless lasers
due to the lack of a “kink” feature in the light-light curve and the lack of linewidth narrowing in
spectral evolution.®* Nevertheless, these peculiar emission features make the distinction between
spontaneous and stimulated emission more ambiguous.

Due to many similar features between ASE and lasing, such as threshold behavior,
linewidth narrowing, polarization, and spatial coherence, there is skepticism when distinguishing
between these two. However, the difference between ASE and lasing originates from the feedback
mechanism provided by the optical cavity that produces a high Q-factor and allows for stronger
light-matter interaction. In 2009, Samuel and colleagues proposed to address the uncertainty in
determining lasing with a list of experiments, which has now become the standard checklist to
confirm lasing.3? Lasers will in general 1) have a spectrally narrow emission linewidth, usually
below a few nanometers; 2) have spatial coherence in the form of a diffraction-limited collimated
beam; 3) exhibit a threshold behavior wherein after a certain excitation fluence, the emission grows
exponentially which is accompanied by linewidth narrowing. This exponential rise should be
consistent with the value of the optical gain of the medium, the cavity length, and the excitation
spot size to rule out other effects. However, some authors claim that the above-listed signatures

are still inconclusive to prove lasing behavior.3334
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Figure 1.6: (a) L-L curve showing the “kink” feature vanishing with increasing S value. a)
Reproduced with permission.®® Copyright 2017, Wiley-VCH. (b) g® value at zero-time delay
for coherent lasing emission, thermal emission, and superbunching emission respectively. The
top of each figure is a graphical representation of the photon arrival time, highlighting the
statistical nature of the emission. b) Reproduced with permission.®® Copyright 2021, Wiley-

VCH.

Measurement of the second-order intensity correlation function of emission

(IO + 1))

99O =G o)

is a more definitive way to confirm lasing or the lack thereof, as it relies on principles of photon
statistics which is unique for each emission mechanism. 7 is the delay time between the field
intensities measured at a common incident plane and the (-) indicates the time average. It is a way
of quantizing photon coincidence events as a function of delayed time measurement since intensity
I in the above expression can be replaced by the photon number n since the two are directly related.
The corresponding interference experiments gives direct access to the photon statistic of the source
under consideration. For a perfectly coherent emission, the mean photon variance follows a
Poisson distribution. For different emission mechanisms, the photon variance is modified by an

intensity fluctuating term which is a measure of the overlap between adjacent photon wave packets.
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It is known that incoherent light sources exhibit intensity fluctuations, which lead to a photon
bunching peak in g2(z) near zero-time delay (i.e., |t| ~ 0), namely, g (0) > 1. For instance,
Figure 1.6(b) shows g @ (t) from different emission mechanisms. Stimulated emission from lasers
follows Poisson statistics, implying that the variance is equal to the mean in the absence of
fluctuations, such that g®(0) = 1 and therefore, photons do not bunch.3":3 g (0) = 2 is for an
ideal thermal source such as a perfect black body emitter with a representation of bunching photon
wave packets. For light sources in which spontaneous emission dominates, 1 < g (0) < 2
highlights the thermal origins of such radiation.®”3 Meanwhile, for cooperative emission
processes like superfluorescence, photons can exhibit superbunching, leading to g®(0) > 2,
where the fluctuating term has a dominant contribution to the mean photon number. The
experimental setup to measure the second-order intensity correlation g?(z) is the well-known
Hanbury Brown and Twiss interferometer. However, due to the limited temporal resolution of the
detectors compared to the emission linewidth of nano- and micro-scale light sources, such
measurements are often difficult to perform and analyze.3%4°

On a fundamental level, the “nature” of light emission can be classified based on the degree
of coherence or correlation functions as mentioned before. There are several orders to this function
but the most referred to in literature are the 1st and the 2nd order correlation functions or the field
and intensity correlation function respectively. The fluctuations are based on the statistical
properties of light sources which can be different among different mechanisms. One can intuitively
understand this when comparing the transmission of light through a 50-50 beam-splitter as shown

in Figure 1.7.
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Figure 1.7: Transmission through a 50% beam splitter (a) classical coherent light source from a
laser being split with equal probability in both output arms. (b) a non-classical light source

consisting of a single photon being split with an equal probability of two superposition states.

1.3.4. Superfluorescence emission

As seen from the above dipole model, cooperative effects can have a measurable effect on
the emission characteristics. Initially, an excited dipole population has a random phase distribution.
As the dipoles begin to relax radiatively, vacuum field fluctuations cause phase synchronization
of these dipole oscillators, and after a characteristic delay time (zp), the ensemble of dipoles
becomes phase-locked, and the system transitions into the Dicke Superradiant state.** In this
coherent state, the ensemble collectively acts like a “giant dipole” and interacts with the radiation

field, emitting a high-intensity short burst of photons ( Figure 1.8a). This phase transition of an
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ensemble of incoherent dipoles into a coherent macroscopic quantum state and its collective
radiation is called superfluorescence.

Because the dipoles are in phase, the superfluorescence intensity I «< N2, with N being the
number of participating dipoles. Superfluorescence by nature is an ultra-short pulse with a
characteristic pulse width z,, which is several times smaller than the pulse width of an ensemble
of N incoherent dipoles emitting simultaneously (Figure 1.8b). Therefore, the entire emission
intensity is concentrated in an intense short burst, causing the population to deplete completely
with a characteristic decay time of 7p = 8mtsp/3pA%L Where T is the single dipole spontaneous
emission decay time, p is the density of participating dipoles, and L is the gain media length.
Additionally, a certain density of dipoles is required for them to undergo cooperative emission. An
expression for this critical density was later derived by Arecchi-Courtens et al.*? and is labeled as
the cooperation number, given by

N, = 8ncT,A/322L

where A is the cross-sectional area of the excited region and T; is the inverse of Einstein A
coefficient, and L is the length over which the interaction happens. The cooperation number was

later verified experimentally.4344

17



synchronization

(.
DO ...
66

Iwe) 1) lwig) v

wars ... Ve

() |
5x10 T T T
I I
| total intensity &
s10°F ﬁ atm - 4
? : - P().97 -
w
g J B ploL € |
£ 3x10 & peak
) - & intensity]
g . 6 atm Pl (x20)
= x0T 3 atm 0 1 2]
§ 1.5 atm P/atm
) ]><l()5 7
: 0.5 atm (x3)
0 v /\1\
0 200 400

time after FEL pulse / ps

600

Superfluorescent

(d)

ATIT (norm.)

ATIT (norm.)

1.0

bt
n

e
n

(=]

(b)

Intensity (arb. units)

1010

— 34 pdem™®

ATIT (norm.)

5 10 15 20
Time (ps)

— 501 pJem™®

5 10 15 20
Time (ps)

ATIT (norm.)

0.5

1.0

S
2

o

5 10 15 20
Time (ps)

— 1289l em?

5 10 15 20
Time (ps)

Figure 1.8: (a) Dipole-dipole correlation leading to a macroscopic coherent dipole that relaxes

by emitting an intense superfluorescence burst. (a) Reproduced with permission.*> Copyright

2021, Nature Portfolio. (b) Characteristic superfluorescence features include high intensity,

extremely fast decay rate, and ringing. (b) Reproduced with permission.*® Copyright 2012,

Nature Portfolio. (c) Time-delayed nature of superfluorescence in Helium gas. (c) Reproduced

with permission.#” Copyright 2011, American Physical Society. (d) Transient absorption

spectroscopy to measure the population dynamics of the tetragonal domains in MAPDI3 at 78

K. (d) Reproduced with permission.*® Copyright 2021, Nature Portfolio.

One can distinguish between superfluorescence and other emission processes based on the

time dynamics. As mentioned in Section 1.3.1, dephasing events can hamper the buildup of a
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macroscopic polarization. As a result, superfluorescence occurs when the dephasing time T, for a
homogeneous medium is longer than the characteristic time scale for superfluorescence. More
precisely, the regime of T, » (tx7p)%° corresponds to superfluorescence while the regime of
1p < T, < (tg7p)%° is characteristic of ASE as predicted by Schuurmans and Polder.4849
Furthermore, the transition from superfluorescence to ASE was experimentally observed by
Malcuit et al.,>° in a KCI:O2 system. Since the dephasing rate is proportional to the third power of
temperature, the authors swept the temperature from 10 K (superfluorescence is the dominant
emission mechanism) to 27 K (the system completely transitions to ASE), with 23 K being the
critical transition temperature. Temperature influences whether the emission is superfluorescence
because dephasing time T, decreases with increasing temperature, thus affecting the comparison
between T, and (tz7p)%>. Another such experimental observation from ASE to superfluorescence
was recorded using an ultrafast streak camera in a system consisting of Li vapors.>! The transition
was controlled by varying the active atomic number density undergoing the emission process.
Superfluorescence has many characteristics similar to ASE and lasing, such as narrow linewidth,
high intensity, and directionality. Therefore, to confirm superfluorescence, unique features of
superfluorescence, such as delay time 7, needs to be measured. Figure 1.8c shows time-resolved
PL spectroscopy results that show delayed superfluorescence in Helium gas at different gas
pressures, which plots the integrated pulse intensity as a function of the superfluorescence pulse
arrival time, with t=0 being the excitation reference. At higher gas pressures, due to the faster
dipole synchronization, the emitted light shows earlier time delays and narrower temporal
linewidths, which is a distinct feature of superfluorescence. Because of the delay with
characteristic time o, the superfluorescence signal rises later than PL, which is an instant process.

In addition to time-resolved PL spectroscopy, transient absorption spectroscopy can also be used
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to track ultrafast dynamics, which can distinguish superfluorescence from other emission
mechanisms. In a study by Maki et al.,*® an expression for the ensembled averaged time-dependent
intensity was provided, which consists of contributions from both ASE and superfluorescence. In
fact, a similar expression was given by Haake et al. for an inhomogeneously broadened medium.5?
According to the expression, for different time scales, different terms are dominant and are
characterized by either ASE or superfluorescent behavior. The time scales correlate with the
dephasing time T, and the characteristic superfluorescence time 7; and 7, as mentioned earlier.
There have also been a few reports of superfluorescence in halide perovskites,*>°3%* some even at
room temperature.® Biliroglu and Findik et. al. observed superfluorescence in MAPblIs thin films
at 78 K and later in quasi-2D PEA:CsPbBrs films at room temperature.*>> Their results clearly
show signatures of superfluorescence, including delay time, enhanced intensity, extremely fast
decay rate and Burnham-Chiao ringing. Furthermore, the authors used transient absorption
spectroscopy to analyze the carrier population dynamics in tetragonal domains of MAPbIs at 77 K
as shown in Figure 1.88d. At the threshold fluence, the dynamics changes from a monotonically
exponential decay — a characteristic of PL emission — to an abrupt decay after a certain waiting
time corresponding to the delay time 7,,. After the sudden drop in carrier population, an intense
burst of light follows. This intense burst of light is called superfluorescence.

Another way to ascertain superfluorescence is through the intensity correlation function.
g@(0) > 1%57 in superfluorescence because of photon bunching, which originates from the
correlation among the different emitters in the same macroscopic coherent state. Therefore, it
depends on the number of emitters in proximity. Raino et al.>* measured the second-order
correlation function in a superlattice of CsPbBrs nanocrystals at 4 K and found that due to

correlated emission, g®(0) > 1, showing bunching of photons. In the meantime, some
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extremely well-correlated regions in the superlattice had g® (0) ~ 3, showing photon super-
bunching. For further verification, the authors measured g™ correlation function using a
Michaelson interferometer and were able to extract the phase coherence time. For uncoupled QDs,
the coherence time was about 38 fs; for coupled QDs, the phase coherence time increases by

~4 times, reaching 140 fs.

1.4. Conclusion

In this chapter we looked at the material properties of small molecules and perovskite that
determine the light-emitting behavior. The dominant radiative mechanism in OLEDs is
spontaneous light emission driven by recombing Frenkel-type excitons. By modeling the emission
of a dipole as a simple harmonic motion we were able to qualitatively distinguish between
individual and cooperative effects in light emission. We also discussed the various degrees of
coherence that can be achieved in perovskite based on the optical environment and the strength of
the light and matter interaction and concluded that based on the quantitative 2" order correlation
functions a definite distinction can be made between stimulated emission, amplified spontaneous

emission and superfluorescent emission along with other time-resolved characteristic signature.
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CHAPTER 2: Directional Polarized Light Emission from Thin-Film Light-Emitting

Diodes

The chapter is an excerpt based on our previously published results:

Fu, X., Mehta, Y., Chen, Y.-A,, Lei, L., Zhu, L., Barange, N., Dong, Q., Yin, S., Mendes, J., He,
S., Gogusetti, R., Chang, C.-H., So, F., Directional Polarized Light Emission from Thin-Film
Light-Emitting Diodes. Adv. Mater. 2021, 33, 2006801. https://doi.org/10.1002/adma.202006801

The initial device idea presented here was conceived by Dr. Xiangyu Fu. | performed the FDTD
simulation for different grating pitch and layer thicknesses for optimized OLED design. Based on
the simulation results | fabricated the OLED device and performed angle-resolved
electroluminescence spectroscopy (ARES) for the green emitter. | have trimmed the publication

to only include the OLED device concept and demonstration for which | was a part of.

2.1. Introduction

Light emitting diodes (LEDs) with directional and polarized light emission have many
photonic applications, and beam shaping of these devices is fundamentally challenging because
they are Lambertian light sources. In this work, using organic LEDs (OLEDs) for demonstrations,
by selectively diffracting the TE waveguide mode while suppressing other optical modes in a
nanostructured LED, we first demonstrated highly directional light emission from a full-area
organic LED with a small divergence angle less than 3°, and a TE to TM polarization extinction
ratio of 13. The highly selective diffraction of only the TE waveguide mode is possible due to the
planarization of the device stack by thermal evaporation and solution processing.

With the rapid growth in portable displays, thin-film light emitting diodes (LEDs) have
attracted great attention due to their low fabrication cost and high efficiency compared with

inorganic LED and liquid crystal display. Typical thin-film LEDs are less than two hundred
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nanometers in thickness, consisting of an indium tin oxide (ITO) anode, hole and electron transport
layers, an emitting layer, and a metal cathode. Depending on the emitting material, thin-film LEDs
can be categorized into organic LEDs (OLEDs),* polymer LEDs (PLEDs),? quantum dot LEDs

(QLEDsS) 2 and perovskite LEDs (PeLEDs).*

(a) (b)
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Figure 2.1: (a) A conventional thin-film LED with a Lambertian air mode emission profile. (b)
A waveguide emission thin-film LED emitting directional light by suppressing the air mode and

extracting the waveguide mode.

A thin-film LED stack forms a microcavity between a metal electrode and an ITO anode
(Figure 2.1a). Usually the cavity length of the device is optimized to achieve a maximum light
outcoupling efficiency, resulting in a Lambertian-like air mode emission profile due to the weak
cavity effects.> Controlling the emission profile of a thin-film LED is desirable for many
applications and is referred to as beam-shaping.® In particular, highly directional beam shapes lead
to many interesting applications in solid-state lighting,” stereoscopic displays,® holographic
displays,® optical communication!®!! and integrated lasers.*?

In recent years, near-eye displays such as virtual reality (VR) and augmented reality (AR)

have gained great momentum in various applications.'® Despite the rapid progress, VR displays
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are often bulky and heavy due to the light collimating refractive lenses.# In contrast, AR displays
use micro-displays and waveguide optical components to project the images which leads to a
smaller form factor. However, the throughput from the input-output diffractive/holographic
components are only 10%, resulting in an overall outcoupling efficiency less than 2%.'°> One way
to improve both AR and VR displays is to use image sources with directional light emission (Figure
2.2). This eliminates the need for light collimator or optical combiners, thus reducing the display

size while improving the outcoupling efficiency.
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Figure 2.2: Schematic drawing of (a) a VR headset using refractive lenses to collimate light, (b)

Left eye Right eye

an AR headset using diffractive/holographic optical elements to input and output the images. (c)
Concept of a compact 3-D display using waveguide emission display to directly project the

images to the user’s eyes.

Several beam-shaping approaches have been demonstrated in thin-film LEDs and they
have their merits and limitations. Distributed Bragg reflectors (DBRs) can significantly enhance
the cavity resonance to achieve directional emission and even lasing (Figure S2.1a).16-20 The
layered structure of DBRs is compatible with thin-film LED fabrication, but the emission direction
is sensitive to the cavity length and its emission spectrum is highly angle dependent (Figure S2.2).
Alternatively, thin-film LED pixels can be made into line or point sources with microlens arrays

to collimate the emitted light (Figure S2.1b).?! This approach has been used in white emitting
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OLEDs to demonstrate a small beam divergence angle of 9°.2223 But due to its small pixel size,
the maximum brightness per area is limited and therefore this approach is not practical.

Instead of beam-shaping the air mode, diffractive optical elements (DOEs) have been used
to extract thin-film optical modes for directional emission. Because the optical cavity length of a
thin-film LED is close to the wavelength of light, it only supports the low order transverse optical
modes, which have a highly quantized mode dispersion. By incorporating a DOE into a thin-film
LED, the optical modes can be extracted to a narrow range of angles through Bragg diffraction
(Figure S2.1c). Zhang et al. patterned the OLED emitting layer with 2D square array of pillars,
and the resulting corrugated Ag electrode diffracts the waveguide modes.?* However, with this
device the corrugated metal cathode extracts the transverse electric (TE) waveguide mode, the
transverse magnetic (TM) waveguide mode, and the surface plasmon polariton (SPP) mode,
resulting in a complex emission profile with the presence of the background air mode. An
alternative approach is to laterally separate the LED pixel from the DOE pixel in the device stack,
such that the air mode emitted from the LED pixel can be blocked,22 and subsequently emitted
photons are coupled into a thin-film waveguide stripe and extracted by the DOE pixel, yielding
directional emission (Figure S2.3).23 But due to the low coupling efficiency and high waveguide
loss, the device efficiency is less than 1%.

Another important aspect of thin film LEDs that is often overlooked is how to achieve
polarized emission. One approach is to mechanically align the emitting molecules, resulting in
polarized emission from the device.?”?® Alternatively, a fine metallic grating is used as an external
polarizer to selectively transmit the TM light and reflect the TE light.?° However, these approaches
are not practical. Uniaxial alignment inevitably induces contamination to the emission layer and

damages to the devices, and the metallic grating wastes the TE light and reduces the outcoupling
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efficiency by half.3° Therefore, it is desirable to have a light source intrinsically emitting polarized
light.

In this chapter, we demonstrate full-area highly directional polarized light emission from
organic LEDs on nanostructured substrates to selectively extract the TE waveguide mode while
suppressing the SPP, TM waveguide, and air modes (Figure 2.2b). We first demonstrate such a
device concept using an OLED with an Ir-complex emitter. By tuning the thickness of the OLED
stack, the corrugation is mostly planarized at the cathode and the diffraction of TM waveguide
mode and SPP mode is highly suppressed. To further suppress the emission from the air mode, the
thickness of the electron transport layer (ETL) is tuned to its valley thickness in the air mode
profile (Figure S2.4) so the emission from the OLED cavity is blocked by total internal reflection
from glass to air. The resulting waveguide emitting LED shows only strong TE waveguide emitted
light with a high TE to TM mode extinction ratio. We then apply a similar architecture to an OLED
with an Eu-complex emitter having a narrow emission spectrum to demonstrate the highly

directional beam shape with a divergence angle less than 3°.

2.2. Result and Discussion

2.2.1. Device Architecture

To achieve waveguide-only emission in a thin-film LED, the device architecture needs to
extract the waveguide mode while suppressing emission from the air, TM waveguide, and SPP
modes. The air mode emission of a thin-film LED is determined by the cavity effect. Because the
reflectivity is 85% for the Al cathode but 2% for the ITO anode, the cavity effect is mostly
determined by the distance between the emitting layer (EML) and the reflective electrode, which
is the thickness of the ETL in most thin-film LEDs. Herein, we use a typical OLED having a

structure of glass substrate/ITO/hole transport layer (HTL)/ EML/ETL/cathode to demonstrate the
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waveguide emission architecture. A common Ir-complex tris[2-phenylpyridinato-

C? NJiridium(111) (Ir(ppy)s3) is used as the emitter, which has an EL peak at 520 nm.

(a) (b)

o
EL Intensity

Glass

Figure 2.3: Simulated angular emission profile in the substrate at (a) 60 nm ETL (maximal air
mode) and (b) 140 nm ETL (minimal air mode). The wavelength of the light is 520 nm,

corresponding to the EL peak of Ir(ppy)s.

To achieve pure TE waveguide emission, our first task is to suppress the emission from the
air mode. Based on the optical mode distribution, the air mode intensity changes periodically with
the ETL thickness (Figure S2.4). From the peak to the valley, the air mode contribution drops from
26% to 3% while the substrate mode increases from 21% to 42%. To understand the difference in
the mode distribution, we simulate the angular emission profile inside the glass substrate at the air
mode peak (60 nm ETL) and valley (140 nm ETL), respectively (Figure 2.3). With a 60-nm-thick
ETL, the emission profile is acorn-shaped with a strong distribution in the normal direction,
therefore light can easily escape from the substrate, resulting in the air mode being the strongest.
With a 140-nm-thick ETL, the emission profile becomes bowl-shaped, and the peak angle shifts
to 61°, above the critical angle of 41° from glass to air, which results in the total internal reflection

of the light and a strong reduction of the air mode. When the ETL thickness increases above 140
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nm, a higher order cavity mode appears, and the air mode intensity increases again (Figure S2.4).

These simulation results indicate we can suppress the air mode emission from the thin film LED

cavity by simply tuning the ETL thickness.
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Figure 2.4: (a) Cross-section SEM of the waveguide emission OLED fabricated on a 1-D grating,
and the corresponding electric field (|E|?) distribution of the optical modes from FDTD

simulation. (b) The mode dispersion of a reference OLED with 140 nm ETL.

Next, we use optical simulation to characterize the waveguide modes in an OLED. Because
the refractive index of ITO is higher than that of the organic layers and the glass substrate, it forms
a slab thin-film waveguide. We use the finite-difference time-domain (FDTD) method to simulate
the electric field distribution of the optical modes in an OLED with a 140-nm ETL (Figure 2.4a).
The results confirm that the TE waveguide mode is located at the vicinity of the ITO anode,

therefore having a corrugated 1TO anode will allow effective extraction of the TE waveguide mode

by diffraction. The diffraction process is described by the Bragg equation k = IZWG —G, where k
and IZWG are the in-plane wavevectors of the diffracted and the original waveguide mode

respectively, and G is the grating vector defined by the periodicity of the corrugation A, such
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that G=27/A.When K is smaller than the vacuum wavevector k, = 27/ A, the waveguide mode

is extracted into air at the angle of &=sin™ (k / ko). Figure 2.4b shows the mode dispersion of the

OLED device. Because the TE waveguide mode is confined in the low-loss ITO anode, it has a
narrow dispersion peak, which translates to a small divergence angle from the waveguide emission
OLED (Figure S2.5).

It is important to note that in addition to the TE waveguide mode, there are one TM
waveguide mode and one SPP mode present in the simulated OLED. To achieve a strongly
directional and polarized emission, we need to extract the TE waveguide mode while suppressing
the emission from the air, TM waveguide, and SPP modes. To suppress the air mode, the thickness
of the ETL should be 140 nm, which corresponds to the air mode valley in the optical mode profile
plot. In a conventional OLED where the air mode is optimized, the ETL thickness should be about
60 nm, which corresponds to the air mode maximum. Typically, having such a thin ETL in a
corrugated OLED will also result in a corrugation in the Al electrode, which will diffract the SPP
as well as the TM waveguide mode as these modes have strong distribution at the metal interface.
On the other hand, since we need to have a thick ETL to suppress the air mode, this thermally
evaporated thick ETL will render the top cathode to be almost planarized (Figure 2.4a).3! As a
result, the diffraction of both the TM waveguide and SPP modes is strongly suppressed. The
residual corrugation depth is not sufficient to extract the TM modes, as they have shorter
propagation length due to the absorption from the metal. Further, the planarized cathode also
ensures the cavity effect is preserved such that the background emission can be efficiently

suppressed by increasing the ETL thickness.
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2.2.2. Waveguide Emission OLED Based on Ir-complex Emitter

To validate our device design, we fabricate OLED devices to study the effects of both the
substrate corrugation and the ETL thickness (60 nm vs 140 nm). The corrugated substrates are
patterned by soft imprinting using a master mold which consists of 1-D gratings having a 350 nm
period and 100 nm depth. The modest corrugation depth ensures good conductivity on the ITO
anode, as well as serves to minimize its influence on the OLED cavity (Figure S2.6). We then
sputtered ITO and evaporated the organic/metallic layers on the substrates to fabricate the OLED
devices. Angle-resolved emission spectra measurements were used to characterize the air mode
dispersion in both TE and TM polarizations.3232 For OLEDs on the 1-D grating substrates, the
measurement plane is normal to the grating grooves. To show the effect of beam-shaping, the air
mode is tuned to show the angular emission profile at 520 nm, corresponding to the peak

wavelength of the green emitter Ir(ppy)s.
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(a) Planar OLED (60 nm ETL) (b) EL Intensity (a.u.) (c)
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Figure 2.5: Measured mode dispersion in TE and TM polarizations for (a)(b) a planar OLED
with 60 nm ETL and (d)(e) a corrugated OLED with 60 nm ETL. (c)(f) are the angular profiles
at 520 nm for each OLED. From (d) we can see a faint feature corresponding to TE waveguide
mode at 0°. This is because the corrugated substrate has larger surface area and has an overall

higher film thickness than the simulated planar OLED.

For the planar OLED with a 60 nm-thick ETL, we observe the typical broad air mode
background (Figure 2.5a-b). The emission profile shows a Lambertian-like pattern, with similar
TE and TM emission profiles (Figure 2.5¢). With a corrugated substrate, the OLED shows
additional multiple diffraction features in addition to the featureless background from the air mode
(Figure 2.5d-e). Based on the polarization and in-plane wavevector, the diffraction features are
identified as the diffracted TE waveguide mode, TM waveguide mode and SPP mode.3* The strong
TM waveguide mode and SPP mode diffraction is caused by the corrugated Al with a depth of
around 60 nm, which is confirmed in the cross-section SEM image (Figure S2.7). Due to the light

scattering from the corrugated Al, the cavity effect is weakened, and the background emission is
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reduced. Because several optical modes are diffracted into the air mode, the emission profile of
the corrugated OLED has multiple peaks in both TE and TM polarizations (Figure 2.5f). The two
TE polarized peaks come from the diffracted TE waveguide mode propagating at opposite
directions. The TM polarized peaks can be attributed to the diffracted SPP modes at £20° and the
diffracted TM waveguide modes at £4°. The magnitude of the SPP peaks is higher than the
waveguide peaks, because the SPP mode percentage of a device with a 60 nm thick ETL is higher

than the waveguide modes and is strongly diffracted at the highly corrugated Al cathode.
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Figure 2.6: Measured mode dispersion in TE and TM polarizations for (a)(b) a planar OLED
with 140 nm ETL and (d)(e) a waveguide emission OLED with 140 nm ETL. (c)(f) are the

angular profiles at 520 nm for each OLED.

For the planar OLED with a 140 nm ETL, the measured mode dispersion is very different.
Both the TE and TM polarized air modes almost completely vanished due to the suppression of
the air mode emission (Figure 2.6a-c). With a corrugated substrate, the OLED still shows a
negligible air mode background as expected, but with distinct TE waveguide mode diffraction

features in the TE light profile. It is important to note that there are almost no TM waveguide mode
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or SPP mode features in the TM light profile (Figure 2.6d-f). The vanishing of the TM waveguide
and SPP features is resulted from the 140 nm thick ETL layer which efficiently planarized the Al
cathode and suppressed the diffraction of the TM waveguide and SPP modes. From the emission
profile, we can only see a highly directional emission peak corresponding to the TE waveguide
emission, with a full-width at half-maximum (FWHM) divergence angle between 3.5° to 4.1°,
depending on the wavelength (Figure S2.11). Due to the effective suppression of both the air mode
background and diffraction of the TM polarized modes, the emission is highly polarized. We
calculate the TE/TM extinction ratio for each wavelength at the corresponding waveguide
emission peak (Figure 2.7c). A high extinction ratio of 13 is obtained between 520 nm and 540
nm, where the air mode emission is strongly suppressed using the cavity effect. Such highly
polarized light is potentially useful for 3-D displays and displays which use a circular polarizer to

reduce the reflection from ambient light.
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Figure 2.7: (a) EQE and (b) EL spectra comparison of the planar OLEDs, corrugated OLED and
waveguide emission OLED. The EL spectra are measured at 18° viewing angle where the
spectrum FWHM of the waveguide emission OLED is the smallest. (c) The extinction ratio of

the waveguide emission OLED at each wavelength.
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We compare the EQEs of the planar OLED and the waveguide emission OLED in Figure
2.7a. For the planar OLED having a 60 nm thick ETL, the outcoupling efficiency is maximized
and the device has an EQE of 25%. When the ETL is increased to 140 nm, the outcoupling
efficiency is minimized and the EQE is reduced to 2%. By incorporating corrugation in the device
to extract the TE waveguide mode, the EQE of the waveguide emission OLED is increased to 7%,
indicating the TE waveguide mode emission contributes an additional 5% of the EQE. This
efficiency is much lower than the 21% TE waveguide mode distribution based on the optical
simulation results, which estimates to a 24% TE waveguide mode extraction efficiency (Table S1).
The inefficient extraction of the waveguide mode can be attributed to two factors. First, diffraction
due to the grating is limited by the shallow corrugation depth of 100 nm and the small index
contrast between the ITO and grating. Second, the propagation length of the TE waveguide mode
is limited by the residual optical absorption from ITO, Al and grating, which limits the chance of
diffraction. There are two approaches to improve the extraction efficiency of the TE waveguide
mode. First, we can reduce the absorption with a more reflective Ag top electrode. Second, we can
improve the corrugation geometry and the index contrast of the grating, which requires further
optimization of the grating design and fabrication.

In addition to the directionality and polarization, the waveguide emission OLED also
shows stronger EL peak intensity and smaller FWHM (Figure 2.7b). At 18° viewing angle, the EL
peak of the waveguide emission OLED is 1.6 times higher than the reference OLED, while the
FWHM is only 20 nm, much narrower than the planar OLED which has a 65 nm wide emission
peak. In comparison, the corrugated OLED with a 60 nm ETL has a similar FWHM as the planar
OLED because of the strong air mode emission. The smaller FWHM in a waveguide emission

OLED stems from the narrow dispersion of the TE waveguide mode which is confined in the low-
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loss 110-nm-thick ITO anode (Figure 2.4b). In Figure S2.8, we plot the normalized air mode
dispersion of the Ir-complex waveguide emission OLED, which eliminated the influence of the
emitter spectrum and reveals the line-shape of the TE waveguide mode. The spectral width of
the extracted TE waveguide mode is 18 nm, much narrower than the spectral width of Ir(ppy)s,
therefore the FWHM of the emitted light is significantly reduced. However, it also means a large
portion of the emitter spectrum does not contribute to the waveguide emission at a given angle. As
a result, the luminance of the waveguide emission OLED, which is a convolution of the EL spectra

with the luminosity function, is actually lower than the planar OLED.

2.3. Conclusion

In summary, we designed a highly directional and polarized waveguide emission thin-film
LED on a corrugated substrate such that the resulting gratings only extract the TE waveguide mode
while suppressing light emission from other optical modes. To achieve these emission
characteristics, the corrugation at the top cathode is planarized by thermal evaporation of a thick
organic stack. This not only reduces the background air mode emission, but also suppresses the
diffraction of SPP and TM waveguide modes, resulting in highly directional with a small
divergence angle of 3° and polarized light emission from the TE waveguide mode havinga TE/TM
extinction ratio of 13. Because the device is simple to fabricate and can be easily scaled-up, our
discovery of this strong directional and polarized light emission from OLEDs has important

applications for displays, lighting and other photonic applications.
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2.4. Methods

2.4.1. Fabrication of 1-D Gratings

The 1-D grating nanostructures on silicon substrate are patterned using a combination of
interference lithography (I1L)%%3 and transferred using reactive ion etching (RIE). To begin with,
a silicon substrate is spin-coated with 100 nm antireflection coating (ARC i-con-7, Brewer
Science) and 180 nm positive photoresist (PFI-88A2, Sumitomo). The antireflection coating film
is used to reduce the reflection from silicon substrate during interference lithography. The 1-D
periodic grating nanostructures in photoresist are patterned using 325 nm wavelength HeCd laser
exposure in a Lloyd’s mirror IL setup. Two coherent laser beams are interfered to create periodic
intensity pattern in Lloyd’s mirror IL setup. Then, the periodic grating pattern is transferred to the
underlying silicon substrate using Oz and Cl2 RIE. After etching, an RCA cleaning process is used
to remove the organic contaminants on the substrate surface. The surfaces of the molds are then
treated with silane to mitigate adhesion for the subsequent soft-imprinting process.

2.4.2. Fabrication of Waveguide Emission OLEDs

For the waveguide emission OLEDs, we first fabricate a corrugated substrate through soft-
imprinting. A polydimethylsiloxane (PDMS) stamp is used to replicate the pattern from the master
mold. The glass substrates are cleaned with standard ultrasonication procedure in acetone and
isopropyl alcohol for 15 minutes each. Then a small amount of NOA-81 epoxy (from Norland
Products Inc.) is dropcast on the glass substrate. The stamp is pressed on the epoxy to remove air
gaps in between. Then the substrate with stamp is treated under 365 nm UV light (Jelight UVO
cleaner Model 42) for 4 minutes to cure the epoxy. Afterwards the stamp is removed to leave

behind the corrugated substrate.
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For the Ir-complex based OLED, the device structure is ITO (110 nm) /MoOx (10 nm) /
4,4'-Cyclohexylidenebis[N,N-bis(4-methylphenyl)benzenamine] (TAPC) (40 nm) / 4,4’-Bis(N-
carbazolyl)-1,1"-biphenyl (CBP) (20 nm): 5% Tris[2-phenylpyridinato-C2,N]iridium(lIl)
(Ir(ppy)s) / 4,7-Diphenyl-1,10-phenanthroline (Bphen) (60 nm) / Bphen: 12% Cs2COs (80 nm)/
Cs2CO0s3 (2 nm)/ Al (100 nm). Because a thick ETL is used in the waveguide emission OLED, we
dope Cs2C0z in the Bphen layer to enhance electron transport and maintain good charge balance.®

The reference Ir-based OLED has a similar structure, with only 60 nm Bphen as the ETL.

2.4.3. Characterization of OLEDs

The device voltage - current density curves are measured using a Keithley 2400
SourceMeter. The EQE is measured in an integration sphere (Labsphere Illumia). The edge of the
substrates are covered to block the substrate mode leakage. The current efficiency is measured
with a LS-100 luminance meter. For the angular EL spectra measurements, we setup a spectral
goniometer using an automatic rotary stage (Griffin Motion, RTS-DD-100). Light from the
operating device is collected and sent to the spectrometer (Ocean Optics HR4000) by an optical
fiber (Thorlabs @200 pm, 0.22 NA) from 20 cm away. A wire grid polarizer (Thorlabs WP25L -
VIS) is used to measure TE and TM light, respectively. For full-angle (-90° to 90°) measurements,
the angle step is 1°. To determine the divergence angle FWHM, a finer angle step of 0.2° is used

within a smaller angle range. A schematic drawing of the ARES setup is shown in Figure S2.10.
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2.5. Supplementary Information

2.5.1. Beam Shaping in Thin-Film LEDs
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Figure S2.1: Different beam-shaping approaches for OLEDs. (a) Using a distributed Bragg
reflector (DBR) to enhance the cavity resonance. (b) Using a point OLED source and a microlens
to focus the light. (c) Vertically stacking the DOE and the waveguide with the OLED for more
efficient waveguide coupling and extraction. (d) Coupling light from an OLED line source to a
thin-film waveguide and using a diffractive optical element (DOE) to extract the waveguide

mode.
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Figure S2.2: (a) An OLED device with a strong cavity using an embedded DBR structure. The
DBR is designed to have 97% reflectance at L = 610 nm to enhance the cavity effect. (b) Angular
profile of a DBR OLED at A = 610 nm. When the HTL thickness shifts from 70 nm to 80 nm,
the emission peak shifts by 9°. The high sensitivity to the cavity length makes the design
impractical. In addition, the FWHM divergence angles (A0) are around 5.5°, too large to be

considered as good directional light source.
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2.5.2. Directional emission by extracting the substrate or waveguide modes (separate

pixels)

In this approach, light from the OLED pixel is coupled into the substrate or a waveguide
stripe, then a diffractive optical element (DOE) is used to extract the substrate or waveguide mode.
In [Ref 22], Zhang et al. uses glass and polyethylene terephthalate (PET) substrates as the
waveguide, a 2D square array of pillars as the DOE and demonstrated directional emission with
<15° beam divergence. Because a thick substrate (d >> A) supports a continuous range of
waveguide modes propagating at angles above the critical angle, narrow beam divergence is
achieved by reducing the size of the DOE and increasing its distance from the OLED pixel, so
only a subset of the substrate modes can reach the DOE pixel (Figure S2.3a, b).

Instead of spatially screening the waveguide modes, a thin-film waveguide (d < 1) can be
used so only a single waveguide mode is supported. In [Ref 23], Ramuz et al. couples light from
an OLED evanescently into a 150 nm Ta20s Thin-Film waveguide with a coupling efficiency of
3.2% (Figure S2.3c, d). But due to the absorption loss from the metallic electrode and the ITO,
only 20~30 um of the OLED pixel can effectively couple light into the waveguide. This range can
be increased by adding a spacer to separate the OLED emitting layer with the waveguide layer,
but it also reduces the waveguide coupling.

Due to the filtering of the in-plane propagating directions (Figure S2.3b, d), this method
yields a true parallel beam, compared to the full area grating structure (Figure S2.1c) which emits
symmetrical arcs. However, it also has low efficiency because most of the substrate or waveguide

modes are not accepted by the DOE.
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Figure S2.3: Achieving directional emission by (a)(b) diffracting the substrate mode and (c)(d)
diffraction the waveguide mode. The dashed lines represent substrate or waveguide modes that

cannot be diffracted by the DOE pixel.



2.5.3. Suppressing Air Mode and Extracting Waveguide Mode
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Figure S2.4: Simulated mode distribution of a bottom emitting OLED at 520 nm wavelength by
changing the (a) ETL thickness (HTL = 60 nm) and (b) HTL thickness (ETL = 60 nm). A much
greater fluctuation is observed in air mode intensity when we vary the ETL thickness, which
indirectly confirms that the cavity effect is predominantly determined by the top Al cathode

rather than the bottom ITO anode.
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Figure S2.5: (a) The TE waveguide mode dispersion for a 100 nm ITO with different extinction
coefficient k(ITO), simulated at 2 = 520 nm. Using a 1-D grating with 300 nm period, the TE
waveguide mode is diffracted to the normal direction. The FWHM divergence angle of the
waveguide emission is 3.3° at k(ITO) = 0.05 and 0.2° at k(ITO) =0.001. (b) The transmittance
of the ITO on top of a glass substrate for each k(ITO). The measurement result of the sputtered

ITO resembles the k = 0.01 curve, which is the value used in the simulation for this study.
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Figure S2.6: Rigorous-coupled wave analysis (RCWA) simulation of the transmittance and

diffraction for light incident on a corrugated substrate in the normal direction. The corrugation

depth is varied from 0 to 200 nm. At 0 nm, the transmittance is 98%; At 100 nm, the TE and

TM light transmittance is 91% and 98%, respectively. This confirms that the 100 nm corrugation

only has a small impact on the reflectance of the bottom ITO anode, and thus the cavity effect.
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Figure S2.7: Cross-section SEM of a corrugated OLED with 60 nm ETL, showing the

corrugation at the Al cathode
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2.5.4. Waveguide Emission OLED
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Figure S2.8: (a) Current density — voltage relation of the various Ir-OLED configurations. (b)
The EL spectra measured at 6 = 18°. (c) The angular luminance profile calculated from the air
mode dispersion. Luminance is calibrated to the reference Ir-OLED. (d) Normalized mode
dispersion of the Ir-complex waveguide emission OLED to show the spectral width of the
diffracted TE waveguide modes. The in-plane wavevector is chosen between -5 um™ and 5 pm-

! to emphasize on the TE waveguide features.
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Figure S2.9: (a) Angular EL spectra of Ir(ppy)s based waveguide emission OLED. Due to the

broad spectrum of Ir(ppy)s, the waveguide emission peak shifts from 595 nm to 495 nm as the

viewing angle shifts from 0° to 21°. (b) The spatial pattern of the emission from the OLED.
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Figure S2.10: (a) Schematic drawing of the ARES setup. (b) Orientation of the wire grid
polarizer and the transmitted mode. The arrows indicate the oscillating direction of the electric
field. (c) Example of the measured ARES of a green waveguide emission OLED at selected
angles with a polarizer to allow through only the TE light. (d) The air mode dispersion plotted

corresponding to the ARES measurement.
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Figure S2.11: Determination of the wavelength dependent divergence angle FWHM of the (a)

waveguide emission OLED with Ir-complex emitter.

2.5.5. Optical Simulation Method

The simulation of the optical modes and emission profile is conducted in Setfos 5.0. Setfos
uses the oscillating dipole model to simulate the emitter radiative decay, and the transfer matrix
method to simulate the optical modes and emission properties in a multilayer structure. The
refractive indices used for the OLED and PeLED simulation are (A = 520 nm): n(ITO) = 1.92+
0.01-, n(MoOx) = 1.99, n(PEDOT:PSS) = 1.5, n(TAPC) = 1.68, no(CBP) = 1.8, ne(CBP) = 1.74,
n(Bphen) = 1.73, no(TPBI) = 1.75, ne(TPBi) = 1.72, n((PEA)2(FA)3sPbaBris) = 2.3 + 0.04-i, n(Al)
= 0.68+ 5.3-i. The refractive indices of the organic layers refer to Adv. Funct. Mater. 2019,
1808803. The refractive indices of the ITO anode, MoOx, PEDOT:PSS and Al cathode are from
the material database of Setfos 5.0.

The optical mode distribution plots shown in Figure S2.4 are simulated by inputting the
thickness of each layer and varying the thickness of the ETL or HTL layer. Setfos considers the
boundary of waveguide and SPP modes based on their in-plane wavevector and the corresponding
effective refractive index. To further distinguish the contribution from TE and TM waveguide

modes, we simulate the Dissipation Power Analysis which yields the power dissipation by the
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effective refractive index at TE and TM polarizations. The waveguide and SPP modes are shown
as distinct peaks that are localized around a particular effective refractive index. We then integrate
the power under each peak to obtain the absolute power of each mode and divide by the total
dissipated power to obtain the relative percentage (shown in Table S1).

The FDTD simulation was performed in Lumerical. The simulation was setup to run in 2-
D to help minimize the computing resources required and simultaneously provided insights into
the experimental results. The corrugation was designed using a script at the 1TO glass interface
and its refractive index was set to n = 1.5 to match with the epoxy used in the experiment. The
depth of the corrugation was designed to be 95nm to avoid mismatch at the 1TO/corrugation
interface. For the Ir complex based OLED, a mode source at a fixed wavelength of 520nm was
used to inject a plan wave in the device structure and the corresponding modes (TE and TM) were

determined along with the propagation length.
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Table S2.1: Optical mode distribution for planar OLEDs with 60 nm and 140 nm ETL thickness.

The emitting zone is set to the center of the EML interface.

ETL Optical Mode Percentage in OLED
Thickness Air Substrate TM Waveguide TE Waveguide SPP Absorption
60 nm 26% 21% 7% 7% 34% 5%
140 nm 3% 42% 10% 21% 17% 7%
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CHAPTER 3: Hybrid laser cavity design for improved photon lifetime and performance

This chapter is an excerpt from a manuscript currently under review at IEEE Photonics

Technology Letters

We report an optical cavity design that combines a distributed feedback (DFB) cavity as
the primary feedback element for lasing with a silver mirror acting as a Fabry-Pérot cavity for
broadband reflection and mode confinement. To evaluate the design, we studied the effects of the
silver mirror by excluding the DFB cavity and compared its amplified spontaneous emission (ASE)
properties with the sample without the mirror. In the structure with the mirror, the gain medium
undergoes ASE at an excitation fluence of 17.5 pJ cm~2 compared to 37 pJ cm™2 for the sample
without the mirror. This lower ASE threshold is attributed to enhanced mode confinement and
photon density of states (PDOS) from the silver mirror increasing the cavity photon lifetime (z,).
Using this hybrid cavity, a multimode optically pumped laser with a threshold of 42 pj cm™2 is
demonstrated. This hybrid cavity design offers an effective solution that can be readily applied to

other thin film-based laser devices.

3.1. Introduction

Hybrid organic-inorganic halide perovskites have emerged as a potential candidate for laser
applications due to their facile solution processing,® narrow emission linewidth and tunability
spanning the visible spectrum.? Specifically, due to their cascading energy bands, quasi-2D
Ruddlesden-Popper perovskites (A5A,_1B,X3,4+1) are a suitable class of materials for laser
applications. These quantum wells are defined by the inorganic [PbXs]* octahedral cage

surrounded by a dielectric barrier formed by the bulky A’ site organic cations while the A cations
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occupy the space between corner-sharing octahedra. The bandgap is determined by the number of
adjoining octahedral layers n.2 The appeal of quasi-2D perovskites is that the exciton generated in
the large bandgap domains can funnel through the energy staircase to the lower bandgap domain
(n = o) where they accumulate with longer excited-state lifetimes, resulting in high radiative
recombination efficiency required for lasing.*

For a dipole, the transition rate from one energy eigenstate to another depends on its

environment according to Fermi’s Golden rule. In an optical cavity, the Purcell factor (F,)
quantifies the modified decay rate of a dipole placed inside the cavity through the relation F, «

Q/V,where Q is the quality factor and V' is the mode volume. A high Purcell factor leads to a faster
decay, and consequently to a narrower emission linewidth.> Thus, by adjusting the Purcell factor
itis possible to manipulate the radiation lifetime, which is crucial for attaining population inversion
and lasing.

A high Purcell factor requires a cavity with a large quality factor and a high mode
confinement (small V). One way to increase mode confinement is to use metallic mirrors as they
offer enhanced mode confinement (I') by suppressing mode penetration in comparison to cavities
formed by dielectric mirrors. This leads to a reduced mode volume (V) and consequently, a higher
Purcell factor.®” However, using metallic mirrors within a cavity also has some drawbacks. First,
it can result in lossy coupling between the optical modes and the Surface Plasmon Polariton (SPP)
mode at the metal interface. Second, the presence of a metallic mirror causes a notable Joule loss
due to radiation absorption and consequently gives rise to non-radiative decay.®

To circumvent these issues, we propose a ‘hybrid’ cavity design that combines a DFB
cavity with a Fabry-Pérot cavity formed by a planar metallic mirror as pictured in Figure 3.1a. The

DFB cavity provides the primary feedback for oscillations while the vertical Fabry-Pérot cavity
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confines the optical mode volume. To avoid emission quenching, the gain media is separated from
the silver mirror with an interlayer dielectric which also acts as a buffer layer for nanoimprinting
the DFB grating. Subsequently, we show that the ASE threshold of this hybrid cavity is reduced
by a factor of 2 compared to perovskite-on-glass, indicating a high level of gain efficiency. It
should be noted our hybrid cavity design applies to other gain materials. Finally, we demonstrate
a multi-mode laser based on this hybrid structure showcasing the characteristics of both DFB and

Fabry-Pérot cavity that exhibit long photon lifetime and therefore low operational threshold.

3.2. Experimental Results and Discussion
Lasing in a gain medium is generally supported by trapped waveguided modes in the film.
For a non-leaky waveguide mode to be supported, the film must have a minimum thickness of

A/2n.¢r, Where n, is the effective refractive index of a mode propagating through the material

with a wavevector k = 2m/A. The presence of these trapped modes facilitates population
inversion, a prerequisite for stimulated emission.® To understand how the trapped mode affects
lasing, we study the effect of confinement on the modal gain G,,. Modal gain is related to the
intrinsic material gain G, by the relation G,, = I'G, where I' is the confinement factor.'® With an
increase in the mode confinement, the overall modal gain can exceed the material gain resulting
in improved light amplification. To ensure the maximum mode confinement factor for a planar
perovskite film, we optimized the spin-coating process to yield a smooth 80 £ 10 nm thick film. A
film thickness greater than that results in rough surface morphology** and supports higher-order
leaky waveguided modes reducing the mode utilization efficiency (Figure S3.1).12 However, due
to low reflectivity at the surrounding interfaces such a film is unable to confine waveguided modes

causing mode leakage. Therefore, to enhance the mode confinement we introduce a thin silver film
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between the glass substrate and the perovskite layer for which the waveguide mode contribution
increases to almost 70% as shown in Figure 3.1a.13

However, the inclusion of the silver reflector directly below the perovskite layer introduces
losses due to the presence of the surface plasmons.* As the SPP mode propagates along the metal-
dielectric interface it either gets scattered or is absorbed by the metal and dissipated as heat. These
losses are determined by the distance separating the emitter and the silver film. SPP mode is
dominant for an 80 = 10 nm thick perovskite film in direct contact with the silver. To mitigate this
loss channel, a dielectric interlayer is introduced between the perovskite and the silver reflector to
physically separate them thereby reducing the coupling to the metal’s surface plasmon. For an
interlayer thickness greater than 20 nm, the SPP mode contribution drops rapidly, meanwhile the
waveguide mode increases and remains almost constant irrespective of interlayer thickness (Figure
3.1a).1°> Additionally, the interlayer serves as a buffer layer onto which a one-dimensional DFB
grating is nanoimprinted (SI).

Apart from the film thickness, the index contrast must be high at the interfaces surrounding
the gain medium to prevent mode leakage. From Figure 3.1b, the perovskite-air interface has a
reflectance value of 0.37 at 530 nm and is unmodified to facilitate a pathway for optical excitation
of the gain medium. For the perovskite-glass interface, the reflectance is only about 0.27 which
causes severe mode leakage, but with the introduction of a silver layer the reflectance is
significantly improved. The oscillations in the reflectance spectrum is due to the cavity effect
resulting from different phase conditions. However, the strength of the cavity effect diminishes as

the silver film thickness is increased.
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Figure 3.1: (a) Hybrid device structure with DFB and Fabry-Pérot elements; SPP and waveguide
mode as a function of the interlayer thickness. The SPP mode contribution drops exponentially
at an interlayer thickness of 50 nm meanwhile the waveguide mode contribution remains almost
constant (b) top panel-reflectance at the perovskite-air interface, bottom panel-reflectance at the
interlayer-Ag interface for different thicknesses of the silver mirror. (c) TEO field distribution
in the presence of the Ag layer causes improved mode confinement in the perovskite gain
medium compared to the device without the Ag layer. (d) Comparing the transmittance function

for the case of with and without Ag.
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Unlike nanostructured patterns, planar metallic mirror does not modify the magnitude of
the wavevector, however, it also does not distinguish between the wavevectors of the modes that
provide constructive feedback and the ones that do not. This is undesirable because a frequency-
selective cavity can effectively filter out unwanted regions of the emission spectrum that do not
contribute to light amplification and can be detrimental to the spatial coherence of the resulting
laser emission.® Hence, to achieve an optimal balance between high reflectance and a strong cavity
effect a 30 nm thick silver film is used. For this thickness, the interface reflectance increases to
0.84 leading to strong mode confinement (Figure 3.1c) and hence a larger PDOS which eventually
enhances the Purcell factor.!’

Stimulated emission is dependent on PDOS,* and hence an augmented PDOS facilitates
population inversion. Therefore, to indirectly probe this effect we analyzed the modified local
photon density of states (LPDOS) due to the silver reflector with respect to the free space PDOS
according to the expression,

Peav (@i, k) = pree L(wy) 1)
where L(w),,) is the cavity transmission, and is given hy,°
1

AF2 . (wenl 2)
1+?sm (T)

L(wy) =

where L is the cavity length, F = m(R;R,)%2?°/(1 — /R R,) is the cavity finesse, R, and R, are
the reflectance at the perovskite-air and the interlayer-metal interface respectively. A plot of the
normalized transmission peak for the device with silver mirror is compared to the conventional
case in Figure 3.1d, taking into consideration the numeric values of the film thickness and
reflectance as defined above. By incorporating a silver mirror, the interference pattern is

pronounced while maintaining the spectral characteristics which indicates an enhanced optical
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filtering capability. Because of increased cavity transmission, the LPDOS is enhanced, which can
be experimentally verified from the photoluminescence (PL) emission as a function of the silver

layer thickness in Figure S3.2 along with the superimposed Fabry-Pérot oscillation.
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Figure 3.2: Intensity vs fluence curve highlighting the ASE regime (shaded) for (a) without Ag:
threshold fluence of 36.9 pJ/cm? and (b) with Ag: threshold of 17.5 uJ/cm?. The slope of the ASE
regime is relatively higher for the device with Ag indicating enhanced light amplification. Inset:

FDTD simulation results for 7,.*°

The modified gain properties of the film can be obtained from the amplified spontaneous

emission (ASE) measurements as it propagates through an inverted medium without any feedback.
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In Figure 3.2(a-b), the output light intensity vs. excitation fluence curve for a perovskite film on a
glass substrate (conventional structure) is compared to the one with a silver reflector. In both
configurations at low external pumping power, the integrated intensity of the spontaneous emission
peak at 525 nm exhibits a linear progression until it reaches a certain threshold fluence beyond
which, the curve demonstrates a noticeably steeper slope due to the ASE peak at 533 nm. The
slope of this region, called slope efficiency, is used to assess the photon lifetimes and the
effectiveness of the amplification process.? The slope efficiency of the device with a silver layer
is 3.6 times higher with a lower threshold fluence of 17.5 pJ cm™?2 than that of the device without
a silver reflector having a threshold of 36.9 yuJ cm™~2. This suggests an enhanced photon lifetime
and is consistent with the enhanced LPDOS.?! A high slope efficiency with a low operational
threshold implies that an overall higher laser throughput can be achieved for the same gain medium
and external pumping scheme.

To confirm the enhancement in the cavity photon lifetime, a Finite Difference Time
Domain (FDTD) simulation was performed where a time monitor records the photon wave
packet’s intensity as a function of time while undergoing back-and-forth reflections at the
interfaces surrounding the gain medium. From the inset in Figure 3.2(a-b), the light intensity takes
27 fs and 62 fs to decay in the structure without and with the silver layer respectively. The observed
2.3-times enhancement in photon lifetime provides further evidence that photons have a prolonged
existence within the structure with the silver mirror compared to the conventional structure which

subsequently assists with light amplification.
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Figure 3.3: (a) ARPL for A = 295 nm grating. The input-output laser light curve shows typical
signautre of lasing behavior; along with the sudden drop in the FWHM as a function of the
excitation fluence. (b) Multimode lasing behavior with the inset showing the composite linewidth,

and a photograph of a central bright fringe typical of lasing behavior.

Finally, we fabricated a hybrid lasing structure incorporating DFB cavity with the silver
reflector (SI). To determine the optimum grating pitch for the 2" order DFB cavity we performed

angle-resolved photoluminescence (ARPL) measurements to ensure resonance along the normal

direction.2 According to the Bragg’s law k' = k + mkg, where kg = 2m/A is the grating
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wavevector implying that the cavity resonance can be tuned through A. From the ARPL results in
Figure 3.3a, we found that a grating pitch of A =295 + 5 nm results in a strong intensity
modulation in the normal direction.

Equally spaced oscillatory modes superimposed on the PL spectra were observed (Figure
3.3b) for a fluence of 21.6 pJ cm~2 which is characteristic of the Fabry-Pérot etalon.?® From the

Free Spectral Range (FSR) given by AA = /12/2neffl, effective mode index (n.rr) can be

evaluated for a cavity length . For [ = 21 um consisting of perovskite and the interlayer, A =533

nm, AA = 3.6 nm, we get n.rr = 1.87 which agrees well with the TEO mode index from FDTD

simulation (nJ7f"=1.88). This implies that the mode is predominantly trapped inside the

perovskite and the additional modes due to the interlayer have negligible contributions to lasing.
It is worth mentioning that the silver mirror interacts strongly only with the 2" order wavevector
from the DFB grating due to its transverse nature leaving the oscillating 1%t order mode
unperturbed.

As seen from the lasing spectrum in Figure 3.3b, the transverse dimensions of the cavity
result in closely spaced Fabry-Pérot modes with a separation of only 5 nm. Due to this close
spacing, several cavity modes coexist within the gain bandwidth of perovskite causing multi-mode
lasing at a threshold of 42 uJ cm™2. The stimulated emission peak comprises of 3 modes (inset of
Figure 3.3b which exhibits linear increase while the other modes remain pinned. From Figure 3.3
the integrated intensity shows a characteristic lasing curve followed by a regime of gain saturation
at higher excitation. The FWHM of the composite curve is 4.8 nm with individual modes having
a width of 2.4 nm. As added proof for lasing, a central bright fringe is observed in the far-field
emission (Figure 3.3 inset), however, due to the multimode lasing behavior the spatial coherence

is low causing beam divergence.®
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3.3. Conclusion

In this work, we combined a distributed feedback (DFB) cavity and Fabry-Pérot etalon to
create a hybrid optical cavity. The inclusion of the metal reflector at the bottom interface reduces
the mode volume leading to an improved Purcell factor. The increased interface reflectance also
facilitates an extended photon interaction time with the perovskite gain media and augments the
local photon density of states. The photon lifetime in the hybrid case is enhanced by a factor of
~2.5 resulting in an improved slope efficiency and a decreased threshold for the onset of
amplification. Although the lasing linewidth is not as narrow as single-mode perovskite laser, such
multimode lasers still have a relatively narrowband compared to incoherent light sources making

them useful in applications where intermediate spatial coherence is required.
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3.4. Supplementary Information

3.4.1. Perovskite film fabrication

A 0.5 molar of n=4 PEABT: FABr: PbBr: in the ratio 2:3:4 and MACI 0.05M precursor
solution was prepared in 1mL of NMP and continuously stirred on a hotplate at 60 °C for 2hr and
left stirring overnight room at room temperature. Regular glass substrates were prepared by
cleaning them in acetone, and IPA and then followed by UVO for 15 minutes. The solution was
then spincoated on these substrates at 3000 rpm for 2 minutes which included chlorobenzene anti-
solvent drip at the 26s mark after the start of spincoating. This was followed by annealing at 90 °C
for 10 minutes. All the above-mentioned steps were performed in a glovebox filled with inert
nitrogen gas.*

From further simulation (Figure S3.1), we see that a film thickness below 100 hm supports
only the fundamental TE and TM modes. However, at a thickness above 100 nm TM1 mode starts
to become relevant and due to its higher-order nature carries less energy than the fundamental

modes.2> Hence, we restrict the film thickness to below 100 nm.

3.4.2. Nanoimprinting

The DFB pattern on the epoxy was prepared by nanoimprint lithography. First, PDMS is
used as a mold to copy the pattern from the silicon master mold, which is cured at 100 °C for an
hour. Subsequently, this PDMS stamp is then pressed on to create the nanopattern on a substrate
with epoxy (NOA 81) spincoated on it which also serves as the interlayer. With the PDMS stamp
still on the substrate, it is treated under a UV lamp (365 nm peak) for 5 minutes in a glovebox
filled with nitrogen gas to cure the epoxy after which the PDMS stamp can be peeled off. It should
be noted that this method results in an interlayer thickness of 21 pm causing multimode behavior.

Ideally, an interlayer thickness of 1-2 um will result in single-mode operation while minimizing
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SPP losses, however, we are experimentally restricted by the thickness we can achieve due to the
nature of the stamping process. The DFB patterned substrate is then UVO treated for 30 minutes
to improve its wettability for the subsequent perovskite spin coating.

3.4.3. Lasing measurements

PL and ASE spectra were measured using a 400 nm pulsed laser excitation with 150 fs
temporal width with a 1 KHz repetition rate. The 400 nm pulse is obtained from a second harmonic
generation of an 800 nm pulse from the Quantronix Integra-C laser. The emitted light is then

collected by collimating and focusing the Lambertian emission into a spectrometer.

power
2.500

N
o

—
[\
()

100

perovskite thickness (nm)
oo
(e

D
(==

0.000

0.0 0.5 1.0 1.5 2.0
n_eff

Figure S3.1: Quantized transverse modes as a function of perovskite film thickness. For a film
thickness greater than 120 nm an additional TM1 mode appears reducing the mode utilation

efficiency
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CHAPTER 4: Optical manipulation of cooperative emission in Ruddlesden-Popper

perovskites

Superfluorescence (SF) is a non-linear and stochastic spontaneous emission process in
which the emitter-field coupling induces cooperative effects such that the nature of the light thus
emitted is fundamentally different from the well-established spontaneous emission from
independent emitter ensemble. We recently reported on superfluorescent light emission in
solution-processed perovskite thin films at room temperatures offering the possibility to study this
incipient phenomenon on a well-established material platform. SF is a cooperative emission
process where the initially incoherent excited emitter population undergoes phase synchronization
initiated by quantum fluctuations causing the system to emit coherent and intense bursts of
radiation on ultrafast timescales. The system needs to synchronize rapidly to overcome dephasing
which can especially be detrimental for a solid-state system, but the strong many-body coulomb
interaction in hybrid perovskites is responsible for establishing emitter correlations on an ultrafast
scale. However, because of the inherent stochastic nature it has proved challenging to develop
applications that harness the many-body physics of SF. Here we report on a statistically
deterministic way to manipulate the time dynamics of SF by encapsulating the active perovskite
gain media in a low-Q cavity. We illustrate how a continuous modulation of the cavity detuning
with respect to the material’s SF peak facilitates control over the time evolution of the pulse. This
principle relies on modifying the Purcell factor responsible for the spontaneous emission, which
is the initial system response that precedes phase synchronization and SF burst. The time-resolved
Kerr gate data reveals a strong dependence on the detuning with clear discerning evidence in the
delay time and the temporal pulse width of the SF burst. For the sample with zero cavity detuning,

the delay occurs at a later time of 9.1 ps compared to 7.5 ps for the planar substrate sample at a
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threshold fluence of 18 uJ. cm™1. The difference in delay time further widens as a function of the
excitation fluence with the time difference being more than 4 ps at a fluence value of 48 uJ.cm™1.
Meanwhile, the temporal pulse width at the threshold fluence for the planar and the on-resonant
sample is 3.2 ps and 4 ps respectively, and this gap widens significantly as a function of the fluence
being 2.1 ps and 3.5 ps at 48 uJ.cm™1. Additionally, using the pulse broadening data the group
delay dispersion (GDD) value was extracted as a function of the fluence for the perovskite material
under investigation providing further insights on pulse propagation behavior in these soft

materials.

4.1. Introduction

The self-consistent interaction of individual emitters and the radiation field on a
mesoscopic scale has been the subject of intense theoretical and experimental studies. The optical
properties of N-oscillator interacting with each other through the common radiation mode are
substantially different from that of the N-oscillator acting independently. At the initial moment
t = 0 for superfluorescence, a non-equilibrium inverted state of active emitters is prepared through
incoherent pumping i.e., degenerate electron-hole pair states in the gain medium. In such a system
the collective coherent oscillator field is initially absent and develops over time due to atom-field
correlations which is a distinguishing characteristic of SF when compared to amplified
spontaneous emission (ASE) and superradiance (SR).! Observation of SF is dependent upon
simultaneously present conflicting mechanisms, one where the time required for the emitter
ensemble to develop phase coherence competes against the time it takes for scattering events and
non-linear motion of the charge carrier to scramble the phase memory. An approximate
comparison can be made based on the following time scales for SF emission, i) the inhomogeneous

dephasing time T, defined by the spread of the probability distribution of the eigenfrequency of
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the emitter ensemble, and ii) the characteristic decay time for SF t5z, and the delay time 7. Based
on these timescales and first-principle calculations, observation of SF is conditional upon the
expression: (tgg74)Y/? < T i.e., the product of the time required for phase synchronization and
the subsequent relaxation should be smaller than the system's dephasing time.>

In his original version, Dicke assumed a simplified model of the emitters being confined
in a volume much less than the emission wavelength to minimize the spatial variation in the electric
field strength over the active volume.® This implies that the vector potential appearing in the
Hopfield Hamiltonian is homogeneous throughout the volume of interest and imposes phase
correlations due to the system of emitter being invariant under emitter permutation.® After a finite
time has elapsed after the initial excitation, the system undergoes a phase transition and eventually
forms a strongly correlated Dicke state with in-phase oscillation of the dipole moments.>7 Initially
SF was thought to be a classical non-equilibrium phase transition process of the second-order,
however after subsequent refinement to the Hamiltonian it was realized to be a quantum phase
transition brought forth by quantum fluctuations rather than thermal fluctuations.®® The stochastic
nature of these quantum fluctuations leading to the characteristic phase synchronization in a large
Hilbert space makes it impractical to write down a thorough analytical and closed-form set of
equations of motion for the system. However, attempts have been made that rely on mathematical
approximations that provide critical insight into the dynamical behavior of this non-Hermitian
system including Liouville-Neumann equations based on the Heisenberg equation of motion and
density matrix formalism,'®** Monte-Carlo'?!3 simulations along with perturbative cluster
expansion* techniques. However, these and other approaches have underlying assumptions and

boundary conditions that restrict a comprehensive understanding of SF making it inexplicable to
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include phase-locking, diffraction, and pulse propagation effects in an extended system under a
unified model.

Despite the complexity of the process, there are several experimental demonstrations of SF
in gas and liquid phase systems. It is however difficult to realize a Dicke state in a solid-state
extended system due to strong coulomb potential and scattering process that can destroy the
intricate dipole-dipole interaction and inhibit phase transformation. Nonetheless, we recently
reported superfluorescence phase transition in metal halide perovskites at room temperatures.*®
Given the ease of film fabrication and the wide variability in processing conditions it's relatively
easy to replicate quantum-well (QW) type structure in solution-processed Ruddlesden-Popper
(RP) phase of perovskites otherwise usually only seen in traditional inorganic semiconductor. The
well barrier consists of a bulky organic cation (A") while the well itself is made from octahedral
BXZ2~, B is the Pb component, X is the halide component with A occupying the space between
neighboring octahedra. The overall chemical structure is A5A,, ;1 B, X3,+1 Where n is the number
of continuous octahedral sheets of perovskite cleaved by the barrier layer. The strong spatial
confinement of the QW structure lends large exciton binding energy*6-'8 which theoretically
should support a large superradiant decay rate and makes the charge carriers immune to phonon
scattering events to some degree.® The large Fermi degeneracy leads to strong exchange potential
with many-body interactions favoring spontaneous and cooperative emission. When combined
with the large decay rate and the anharmonic band-diagram?%2! supporting the Dicke state,??
perovskites are an ideal material testbed for SF investigation.

To develop a non-classical coherent light source based on SF phenomenon it is necessary
to have control over the characteristic timescales which is lacking due to the inherent ambiguity in

the process.?® The random nature of the temporal processes was first demonstrated in a statistical
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study of single shot SF pulse from O3 center in single crystal KCI where the delay time and the
pulse width were found to have a significant deviation of a few ns between shots.?* As established,
only systems with a low decoherence rate can exhibit energy damping due to Superfluorescence
and an effective way to control the damping magnitude is through an optical cavity that enforces
light-matter interaction through the quantized cavity modes. This is known as the Arecchi-
Courtens condition?® and is a major factor when studying extended systems in a cavity where the
photon loss rate can be effectively controlled through cavity parameters.?® Tuning the cavity
resonance to the material’s emission provides a continuous modulation scheme to regulate the
otherwise random SF pulse evolution. Such modulation capability is critical for implementing
applications based on SF such as potential substitute for traditional lasing devices,?’?® as a
nonclassical light source,?® and for quantum computing where a deterministic control over
spontaneous emission is required.®®3! In this work we demonstrate optical control of the
expectation value of delay time and pulse width in solution solution-processed RP phase of metal
halide perovskite films encapsulated in an optical cavity. To ensure the emission is spontaneous
and cooperative rather than stimulated, we operate in the bad cavity limit in which photons can
leak out acting as a decay channel providing the required damping and preventing crossover to the

lasing regime.

4.2. Results
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Figure 4.1: Steady-state PL spectra (a) for a reference planar sample and (b) for the sample
encapsulated in a DFB cavity with A=300 nm. The inset shows the quadratic intensity scaling of the
SF emission peak which is characteristic of cooperative emission. (c) PL spectra for a 1-D DFB
grating with A4=330 nm in resonance with the SF emission. At below threshold fluence (12.22
iJ.cm™~?) there’s a clear divergence in the PL lineshape due to diffraction from the grating according
to Bragg’s law. Inset: topographical AFM image of the DFB grating prepatterned onto a glass
substrate. (d) Optical Kerr-gate setup for measuring the time-resolved evolution of the SF peak with
zero delay defined as the instant both the emission and the gate beam are simultaneously incident on
the Kerr medium. The two orthogonally oriented polarizer ensures no light passes through to the

detector unless in the presence of the gate beam.
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According to Fermi’s Golden rule, the emission process is not an intrinsic property but is
rather influenced by the strength of the interaction between the material's dipole moment and the
local electromagnetic field reservoir modulated by an optical cavity.®> Therefore under weak
coupling the enhancement in the optical transition probability of a system of initially excited
emitters depends on its electromagnetic environment through the density of states as outlined by
the Purcell effect.333* A more comprehensive expression for the emission enhancement is given

by,35,36

. |3 ¢ (1)3 ld. £ @)1 Aw?
P lan2 v '\n |d|? 4(w, — w)? + Aw?

The first term is the simplified form of the Purcell factor depending on the quality factor Q and the
mode volume V' of an optical cavity. It shows the maximum attainable value under resonance for
a one-dimensional chain of dipole located at the field antinode position. The second term is the
linear dipole approximation that depends on the weighted oscillator strength depending on the field
distribution f(1,). The last term in the bracket is the Lorentzian distribution of the homogeneous
emitters centered around its resonance frequency w, with a full-width-at-half maximum of Aw,
and w, is the cavity resonance. Assuming other terms remain constant, the Purcell factor can be
influenced by the detuning of the cavity from the emitter transition line thus giving indirect access
to the spontaneous emission rate and by extension to the superfluorescence time dynamics.
Therefore, by encapsulating the system in a cavity with a confined mode volume we can in theory
enhance the light-matter coupling and consequently accelerate the dipole oscillation between the
ground and the excited state.*” For the perovskite film the characteristic SF decay time g is
reduced by a factor equal to the cavity finesse compared to free-space emission tsz resulting in a

significantly different superfluorescence evolution.383°
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To implement this experimentally we spincoated perovskite on a prefabricated one-
dimensional distributed feedback grating (DFB) with a lattice constant (A) of 300 nm and 330 nm
corresponding to a resonant wavelength of 475 nm and 525 nm respectively (Figure S4.1). The
photoluminescence (PL) spectra for a planar reference sample (Figure 4.1a) and for the pre-
patterned substrates A=300 nm (Figure 4.1b) and A=330 nm (Figure 4.1c) corresponding to the
off-resonant and resonant behavior respectively with a topographical AFM map of the DFB cavity
shown in Figure 4.1 inset. At lower fluences the emission is dominated by excitonic interband
recombination with a peak at around 518 nm, while at fluences above the threshold a secondary
SF peak appears redshifted relative to the PL at 527 nm. For the on-resonant sample, the additional

peak overlapping with the PL peak, seen clearly at below the threshold fluence in Figure 4.1c,

corresponds to the diffracted light of wavevector k = Ei + m2m/A along the normal direction
as per Bragg’s law of diffraction. To ensure that the system does not cross over to stimulated
emission regime the cavity coherence time has to be negligible compared to the material’s radiation
lifetime so that the photons can leak out 4042 for the system to operate in the overdamped SF
regime — also known as the ‘bad’ cavity limit.*>*3 A more quantitative definition of a bad cavity
in the context of SF requires the damping time 2Q /w to be less than the superradiance time 745.%
For the case of the on-resonant cavity with a Q = 50 the damping time is ~0.3 fs which is
significantly less than z5; of a few ps. Furthermore, due to the emitter ensemble having a constant
phase relation the radiation intensity adds coherently and scales quadratically as N? where N is
the number of actively participating dipoles.* The inset in Figure 4.1(a-b) shows the quadratic
scaling of intensity as a function of fluence which has a one-to-one correlation with the emitter

population. The same intensity analysis is not performed for the on-resonant sample due to the
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additional peak from cavity diffraction overlapping the SF peak requiring a complex

deconvolution process, however the same trend should hold.
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Figure 4.2: Time-resolved Kerr gate data for (a) reference planar sample, (b) the off-resonant
sample, and (c) the on-resonant sample with a grating pitch of A=300 nm and A=330 nm
respectively. The SF wavepacket follows a secant-hyperbolic pulse shape with distinct values for
the zero-delay and the pulse width among the different samples. (d) The zero-delay is plotted as
a function of the excitation fluence and follows tsz log(N)/N law according to which the on-
resonant sample has the largest delay followed by the off-resonant and the planar sample. The

data is fitted (dashed lines) to extract the superfluorescent time relaxation constant zgp.

Next, we performed time-resolved Kerr gate experiment (Figure 4.1d) to study the time
evolution of the different samples. To perform the experiment the monochromator was fixed on
the SF peak at 527 nm the output of which is connected to a PMT and through a delay stage the
time evolution of the peak was recorded. The time trace in Figure 4.2(a-c) were averaged over
multiple scans to avoid shot-to-shot variations because even if the system is prepared identically
the collective radiative emission properties can be unpredictable due to quantum uncertainties. 6

Zero-delay was defined as the time instant at which the spontaneous emission signal begins to rise,
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and the delay time () was fixed at the peak of the pulse modeled as a secant hyperbolic function.*’
All the samples under study had the same threshold for SF of ~18 uJ.cm™2 to ensure a fair
comparison. In the visible spectrum the dephasing process due to Doppler broadening and other
nonlinearities can be quite significant*® compared to longer wavelengths as observed in gas phase
SF demonstration.*® As a response the characteristic timescale for a solid-state system is in the
picosecond regime compared to nanoseconds in gases.5% 52

At the threshold fluence the relatively high signal undulations compared to the data below
the threshold is an indication of the phase transitions driven by the quantum fluctuations which
eventually fades away at slightly higher fluences. At fluences above the threshold the pulse
intensity at t=0 is the same as spontaneous emission, and the maximum SF intensity occurs after
a delay time which corresponds to the formation and subsequent relaxation of coherent
polarization.>® At even higher fluence (F > 30 uJcm™?2), one can observe a secondary peak in the
Kerr intensity data which is apparent in the planar reference sample. The reason for the secondary
peaks in the Kerr data is due to the reabsorption and coherent reamplification of the pulse as it
propagates through the relaxed medium.5354 As a consequence the medium’s polarization has
spatial variations and evolves at different times resulting in the so called ringing effects.®5°
Meanwhile the proximity of the two peaks relative to each other depends on the excitation
geometry and more specifically the Fresnel number F = nr2 /AL (r, and L are the radius and
length of the excited sample).® For the sample enclosed inside the cavity the effective length L of
the inverted medium increases due to multiple reflections at the end facet of the mirror and
consequently the Fresnel number decreases. For an excitation spot size of 2 mm the Fresnel number
is quite large but with an increase in the effective length F — 1 resulting in the decreased temporal

distance between the individual burst and approaching single pulse SF behavior.%6:57

90



(a) (b)
@  On resonance
4.0 3 9 @ Off resonance
Y @ Planar 2.24
— (-] 2
235 Q —_
et 2.0
= =T
9 ) =
304 79 2
= 9
2.5 o "]
2
° @ Q9 1.64
o
2.0
T T T T 1 .4 T T T T T T
20 30 40 50 20 30 40 50 60 70 80O
Fluence (pJ.cm™) Fluence (pJ.cm™)

Figure 4.3: Pulse width characteristics. (a) Compares the pulse width for the different samples.
The A=330 nm sample has the largest pulse width owing to the resonant behavior and the
temporal broadening due to chromatic group velocity dispersion (GVD). (b) A positive group
delay dispersion (GDD; GDD = GVD X L) as a function of the excitation fluence having a

negative slope implying the less frequent roundtrips required to undergo SF phase transition.

The fluctuations in the early stages of the macroscopic dipole formation translate to
fluctuation in the delay time.>® From the Kerr data it is evident that the delay time decreases as a
function of increased excitation fluence, a feature unique to SF evolution.>®6! Quantitatively this
variation in the delay time can be described as a functional integral over the zero-point fluctuations
resulting in the following expectation value (t;) = 75z log N/N.%2 Since the incident fluence is
directly proportional to the excited emitter population N, based on the above equation 5, can be
extracted from the Kerr data as shown in Figure 4.2d. For the cavity in resonance, the pulse appears
at a later delay which is attributed to the Purcell factor enhancement of the spontaneous emission
relaxation time which accelerates the synchronization process tsz = 65.4 ps compared to the
reference sample with a 75z = 133.2 ps. Meanwhile for the off-resonant sample gz = 466.6 ps

which validates the Purcell factor inhibition of the spontaneous emission rate.
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Notice from the Kerr gate data that the SF pulse originating from an active medium inside
a cavity is temporally stretched and has a larger pulse width compared to the reference sample as
shown in Figure 4.3a. This is attributed to the material dispersion that stretches the pulse as it
undergoes multiple reflections inside the cavity. Additionally, the pulse width decreases as a
function of the excitation intensity implying fewer round trips are required to attain the same mean
photon number inside the cavity. The sample that is in resonance with the cavity has its pulse
stretched the most in comparison to the planar and the off-resonant cavities which have similar
pulse widths at the threshold fluence. The pulse broadening can be quantified by group delay

dispersion effects (GDD) which is defined as the second-order derivative of the spectral phase

02 . o . .
evaluated at a central frequency B, = a—a:’; and is a quantitative measurement for chromatic

dispersion or frequency chirp without affecting the pulse spectrum. For second-order dispersion
effects to have a notable effect on the pulse shape the propagation length L of the pulse must be
comparable to or larger than the dispersion length Lp.6364 Since the lateral dimension of the cavity
provides the required propagation length the SF pulse is stretched out at the output side.
Unfortunately, it is not quite easy to evaluate the integral for the SF pulse dispersion effects of a

secant hyperbolic pulse,® and so to a very good first-order approximation a gaussian wavepacket
2
is used instead. For a normalized input Gaussian pulse, U(0,T) = exp (—2%) of width T,

(1/e intensity point) and propagating through a dispersive media for a distance z, the pulse gets

stretched to width T, according to

GDDT/Z

Ti(2) =T, [1 + T4

We use this expression to interpolate the GDD for the on-resonant sample as a function of the

excitation fluence as shown in Figure 4.3b for an input reference pulse width of the planar sample.
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The positive and relatively high GDD value is attributed in part to the multiple reflections
inside the cavity increasing the pulse propagating length but more importantly to the high third-
order nonlinearities in the RP phase of perovskites.®%57 Dispersion plays a critical role in optical
pulse propagation and therefore managing the several constituent spectral components that have

their group velocity is important.

4.3. Conclusion

Superfluorescence is an exotic quantum process described by a macroscopic wavefunction
owing to the many-body interaction with potential application in quantum information processing
and novel light sources.>%8 Metal halide perovskites presents a rich platform to study many-body
correlation effects due to their strong columbic and lattice interaction however due to the stochastic
origin of the SF pulse its realization into technologically relevant application has been hindered.
In this work, we demonstrated statistical control over the expectation value of the delay time in
the visible spectrum by utilizing a low-Q distributed feedback cavity. By tuning the cavity
resonance to the materials resonance, the relaxation time of individual emitters can be engineered
through the Purcell factor based on the detuning. This lifetime engineering is reflected in the Kerr
dynamics of the SF peak where the on-resonant cavity has a significantly large delay time and
pulse width when compared to the planar reference sample. Additionally, we also quantify the
pulse dispersion as a function of the fluence which is a critical parameter to enable dispersion-less
soliton propagation in perovskite medium. The fact that the SF characteristics — both delay time
and pulse width — can be altered through a cavity provides a novel way to manipulate this quantum
macroscopic phenomenon and as a result making it feasible to incorporate into application focused

devices.
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4.4. Supplementary Information

4.4.1. Film preparation

BABTr (99.99%, metal basis), CsBr (99.999%, metal basis), PbBr2 (99.999%, metal basis)
from Sigma Aldrich and were mixed in the ratio 0.4:1:1 in DMSO for a 0.5 molar concentration.
To this solution 5% of CsMeS salt was added with respect to PbBr2 molar ratio to improve the
film's morphology. The as-prepared solution was stirred on a hot plate at 60° C for 2 hours and left
stirring at room temperature overnight.

Glass substrates were cleaned using acetone followed by an IPA bath in an ultrasonicator
for 15 minutes each. To improve wettability the glass substrate was treated with UVO plasma for
15 minutes. The solution was then spincoated on the cleaned glass substrate at 4000 rpm and
chlorobenzene was dripped after 15s had elapsed from the initial spincoating for a cumulative time
of 60s. The film was annealed at 90° C for 10 minutes. The film was then encapsulated to prevent
exposure to the ambient using another piece of hollowed glass. All the above steps were performed

in a nitrogen gas-filled glovebox.

4.4.2. Sample preparation

To prepare the DFB grating, PDMS was mixed with 10% initiator and poured over the
silicon master mold with specified grating pitch A. The PDMS was then cured on a hotplate at 80°
C for 20 minutes such that the pattern was copied onto the PDMS. A cleaned glass substrate was
then spincoated with NOA 81 at 4000 rpm for 30s and the PDMS stamp was carefully pressed on
the substrate and cured in UVO for 3 minutes. The PDMS stamp can then be peeled off with the
cured and patterned epoxy left behind on the glass substrate.

To measure the cavity resonance, we used a home-built angle-resolved photoluminescence

(ARPL) setup with the recorded spectra shown in Figure S4.3.
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Figure S4.2: XRD data showing the (100) and (110) plane of the spincoated film
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Figure S4.3: Shows the ARPL plot for the off-resonant (A = 300 nm) and the on-resonant (A =
300 nm) DFB grating. (a) The PL background is obvious in the off-resonant case at around 2.4
eV with a hint of cavity resonance as seen by the crossing on either side of the normal viewing

angle (0 degrees). (b) the crossing feature at 2.38 eV is seen at a normal viewing angle after the

PL background is suppressed.
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CHAPTER 5: Conclusion and future work

So far, we have seen the varied nature of light emission in devices and films that make use
of the different material properties and device architecture to impose certain boundary conditions
that favor a particular kind of light emission.

We started with spontaneous emission in an OLED device and by making use of carefully
fabricated nanostructures we demonstrated directional and polarized light emission. The basic
principle behind the device was to suppress the lambertian air-mode and extract the trapped
waveguide modes using the nanostructures. This was first of its kind device demonstration and
such an architecture can be implemented in virtual reality display with the advantage being that it
does not require additional and often bulky optical elements to achieve the same effect. However,
due to the back-emitting nature of the OLED (BEOLED) the device suffers from some drawbacks.
However subsequent works by group members L. Zhu, Q. Dong, and S. Yin significantly improved
the primitive device design and achieved an impressive EQE and forward luminescence.

We then demonstrated multimode stimulated light emission in hybrid MHP gain media
enclosed in a novel optical cavity that simultaneously combines a lateral DFB cavity as the primary
oscillator and a transverse Fabry-Perot for improved mode confinement. The small mode volume
increased the PDOS because of which efficient light amplification was achieved. Attributed to the
prolonged photon lifetime in the cavity as demonstrated by the slope efficiency data and verified
by FDTD simulation.

Eventually, we demonstrate control over the non-classical light behavior in perovskite in
the form of Superfluorescence light emission, a coherent and stochastic cooperative phenomenon.
Its implementation in application suffers due to the random nature of this emission, driven by

ground state quantum fluctuations. However, by encapsulating the material in a ‘bad’ cavity we
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were able to statistically manipulate the time evolution of the SF burst. On further analysis, the
group delay dispersion effect of these ultrashort light pulses was quantified which depends on
higher-order nonlinear behavior of the perovskite medium.
There are 2 research themes that would require further in-depth study and analysis:
1. SFin organic small molecules

2. Lasing in blended Quasi-2D perovskites

5.1. SF in organic small molecule

To test the presence of SF phase transition behavior in other emissive systems we
performed a similar time-resolved analysis on a well-studied combination of small organic
molecules 4,4'-Bis(N-carbazolyl)-1,1'-biphenyl (CBP) and 4,4'-Bis(9-ethyl-3-carbazovinylene)-
1,1'-biphenyl (BCzVBI). CBP is the host material with 5% doping of the fluorescent BCzVBi
emitter. The film was deposited using thermal co-evaporation in vacuum on a planar glass
substrate.

Steady-state continuous wave (CW) PL and UV-VIS spectroscopy data in Figure 5.2 with
the band-edge and the PL peak in the blue region of the visible spectra. CW pumping was
performed using a 410 nm diode laser The multiple peaks in the CW PL spectra correspond to
different exciplex energy states.! The lack of a PL signature from the CBP host indicates efficient

resonant energy transfer in the film.?
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Figure 5.1: Shows the molecular structure of the host (CBP) and the dopant (BCzVBi) molecule.

The two were thermally co-evaporated on a glass substrate with 5% doping ratio of the dopant

molecule. A picture of the blue PL emission under laser excitation.
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Figure 5.2: (a) UV-VIS spectra showing two dominant peaks corresponding to CBP at 330 nm
and BCzVBi at 400 nm for 5% doping ratio of BCzVBi to CBP. (b) shows the CW excitation
PL intensity as a function of the laser diode driving current. A 420 nm long pass filter was used

to remove the 410 nm laser line.

Pulsed laser excitation was done using 400 nm pulses obtained from a frequency-doubled
Ti-sapphire amplifier (Quantronix Integra-C; repetition rate, 1 kHz; central wavelength, 800 nm).

As seen from Figure 5.3 there are obvious differences in the spectra when comparing it to CW
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spectra in Figure 5.2b. The difference in the lineshape between CW and pulsed pumping is due to
the density of the charge carrier generated using a highly intense pulsed pump causing inversion.
The pulsed laser inverts the medium resulting in faster and efficient charge recombination with a
nonlinear increase in intensity as a function of the excitation fluence as seen by the highlighted
region of the spectra. Beginning from low excitation power, the peak at 475 nm undergoes
blueshift as excitation power increases and eventually settles at 470 nm at 0.62 mW. We then
performed time-resolved Kerr gate spectroscopy to track the time dynamics of this peak. In Figure
5.4a at excitation intensity just above the threshold, we see large signal undulation with respect to
the background spontaneous emission an indication of SF phase transition. Meanwhile, at larger
excitation intensity (Figure 5.4b) we see the characteristic delay time behavior with the signal
appearing earlier in time as a function of increasing excitation intensity. Burnham-Chiao ringing
can also be seen as the signal intensity rises corresponding to an increase in the coherent population

participating in the SF process.
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Figure 5.3: Pulsed laser PL spectra as a function of the excitation intensity. The highlighted

region with a peak at 470 nm shows a non-linear increase in intensity while rest of the spectrum

is pinned down and increases linearly. This abnormal increase in intensity is an indication of

either SF or ASE process.
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Figure 5.4: (a) Low-intensity Kerr data with spontaneous emission type exponential decay for

an excitation power of 0.22 mW with clear signature of SF phase transition at powers greater
than 0.34 mW. (b) shows high excitation power Kerr data with indication of reducing delay-
time and increase in peak intensity

Additionally, to track the charge population of the claimed SF peak we also performed

transient absorption measurement (TAS) and tracked their behavior as a function of time and
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excitation intensity. As soon as the system is optically excited the charge carriers fill up the high-
lying energy state as evident from charge charge-filling effect and since the emission is coherent
the relaxation of the system by an SF burst is followed by almost complete depopulation of the
charge carriers from the excited state.> We probe the corresponding SF peak population in Figure
5.5. At an excitation intensity of 0.10 mW, the time trace follows spontaneous emission behavior
meanwhile at a slightly higher excitation density of 0.125 mW the population undergoes an abrupt
drop in population after a certain waiting period. This waiting time has been speculated to be the
time required for dipole synchronization to complete and is directly correlated to the delay-time.*
This trend continues and is much more prominent at higher excitation density and follows well
established semi-classical model for superfluorescent decay behavior.®

As seen from Kerr and the TAS data, most of the signatures indicating SF behavior are
present but further analysis of the delay-time behavior and SF peak intensity is required to verify

with confidence that the peak at 475 nm is indeed SF.
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Figure 5.5: TAS intensity dynamics for the peak at 475 nm. At low excitation of 0.1 mW the

dynamics follow spontaneous emission behavior. Starting at 0.125 mW we start seeing a phase

transition to SF with an abrupt drop in intensity corresponding to complete to almost complete

depletion of the excited state carriers.
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5.2. Lasing in blended Quasi-2D perovskites
This project was part of a collaboration with Dr. Murali Gedda, postdoc in Prof. Thomas D.
Anthopoulos at King Abdullah University of Science and Technology.

The objective of this project was to study the influence of small molecule additives on ASE
performance of quasi-2D perovskites and eventually demonstrate lasing. Different domain
dimensions of quasi-2D PEA2Csn-1PbnBran+1 were fabricated and blended with 0.25M ratio of 2,7-
Dioctyl[1]benzothieno[3,2-b][1]benzothiophene (C8-BTBT) with respect to the Pb component in
the film.

The superior light emission property of the blended films can be verified from the steady-
state optical characterization as seen in Figure 5.6(c-d). The reason for the improved performance
remains unconfirmed and requires further studies. However, we suspect that the addition of the
small molecules improves the film orientation with respect to the substrate such that in-plane
energy transfer between different phases becomes efficient. Based on the XRD data (Figure 5.7)
the blended films show smaller FWHM and peak intensity and hence better crystallinity. The XRD
plots for the neat films show an elevated background signal likely due to isotropic grain orientation.
However, to confirm our hypothesis regarding the film’s orientation Grazing-Incidence Wide-
Angle X-ray Scattering (GIWAXS) needs to be performed.

We performed further optical studies to verify the light amplification capability of the two
sets of samples under study and found that the blended films in general had a lower ASE threshold
(Figure 5.8). To understand the effect of the small molecule additive it is critical to perform TAS
measurements and analyze the charge dynamics and peak behavior of the various perovskite

phases in the film.

112



Aysuaju| 14 pazijewlonN

e o o 9
o> N ® ©

o
3]
Ayisusju| 1d pazijewoN

T
o
~

. T r ; T 0.3
350 400 450 500 550 600
A (nm)

Figure 5.6: (a) shows the arrangement of the octahedral layer of quasi-2D perovskite and (b)
shows the structure and molecular formula for C8-BTBT. (c) shows the PL and UV-VIS spectra
of control films with film dimensionality n=3, n=4, and n=6 — hereafter noted as n3, n4, and n6.
The lower dimensional phases are apparent from the UV-VIS data and their corresponding
contribution to the PL. Much of the PL emission is from the 3D phase but the presence of lower
dimensional phases in the spectrum implies sample inhomogeneity and inefficient charge
funneling from lower to higher n phases. By blending the film with C8-BTBT (sample notation
includes ‘b’ in the film's dimensionality) the sample dimensionality becomes homogeneous as
proved by the lack of PL emission from lower dimensions. Also, from the UV-VIS data the
oscillator strength or the binding energy increases resulting in higher radiative recombination

efficiency
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Figure 5.7: X-ray diffraction (XRD) data comparing the as prepared neat films (control) in the
left column to the blended films in right column. As the layer number n increases, the 3D peak
at 14.5° grows while the 2D peak at 10.2° slowly disappears as proof for the blended film
transitioning to a more 3D nature while the 2D peaks in the neat films still have a significant

contribution while the 3D peak has an inconsistent amorphous nature.
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Figure 5.8: (a) - (c) and (d) - (f) evolution of the steady state PL spectra for differently engineered
film dimensionality for the neat films and the blended films. All films show ASE secondary peak
with differing threshold values (i)The blended films, in general, have a significantly lower
threshold for ASE when compared to the neat films with the threshold increasing as the perovskite
dimensionality increases. n=3 prepared film shows overall the lowest threshold for both the blend
and the neat case. (g) The FWHM decreases as a function of the input excitation fluence and (h)
the input-output curve for the n3B films shows a linear increase until the threshold after which the

slope increases resulting in a kink in the integrated intensity curve.
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