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Abstract
Dynamics of Light-Matter
Coupling in Lead Halide Perovskites
Andrew P. Schlaus

Lead halide perovskites are attractive material systems for both classical and quantum
light emission because of their facile and diverse synthetic techniques, broad tunability in
bandgap energy, high emission quantum efficiencies, and the possibility strong light-matter
coupling. Despite extensive research into lead halide perovskites, there remain extensive debates
into the mechanisms behind various light emission processes. This thesis has three objectives.
First, to understand the properties of perovskite nanowire lasers as well as the underlying
photophysics. Second, to differentiate between behavior in the weak versus strong light matter
coupling regimes. Finally, to understand where perovskites in distributed Bragg reflector
microcavities fall in these regimes. A combination of static, time, and angle resolved
spectroscopy is used to study nanowire and microcavity systems in combination with numerical
methods to interpret the results. Perovskite nanowire emission is shown to arise from stimulated
emission from an electron-hole plasma and coupling with bulk plasmons, while perovskite
microcavities offer the possibility of strong coupling and emission from a polariton condensate.
The spatial confinement of the photonic structure and quasi-spin orbit coupling in perovskite
cavities are discussed as powerful tools which could extend the coherence time of polariton
condensates in these systems.
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Introduction
Lead halide perovskites are being explored for optoelectronic applications, such as lightemitting diodes (LEDs), nanowire lasers, and polaritonics due to their high photoluminescent
quantum efficiencies and broad wavelength tunability 1–4. The rise of perovskite polaritonics has
both been fueled by and contributed to interest in coherent and quantum light sources 4,5,
superfluorescence6, and single photon emitters7 from perovskite photonic systems. Interest in the
lasing from lead halide perovskites has been driven by the facile crystal growth techniques which
result in natural cavities with smooth crystalline facets as well as the experimental
demonstrations of exceptionally low lasing thresholds from these nano/micro-crystals8. Reported
threshold excitation power densities for lasing from lead halide perovskites nanowires are as low
as 102 nJ/cm2 8, making lead halide perovskite nanowire lasers more efficient than those from
conventional inorganic semiconductors 9 and comparable to the most efficient surface plasmon
polariton lasers10. The emission spectrum of the lead halide perovskites can be easily tuned
across the visible and near-infrared region through substitution or alloying of halogens in the
lead halide perovskite lattice 8,11–13. Due to the broad range of emission energies, perovskite light
emitters cover 140% of the NTSC standard for color displays which could enable displays whose
color gamut could cover almost the entire CEI chromaticity coordinates 14. Moreover, laser
emission can also be controlled by variations in the sample geometry of the gain materials which
support different cavity modes, or by the coupling to external photonic structures, such as DBRs
and photonic crystals. Examples of the diverse lead halide perovskite sample geometries, and the
impact photonic structure has on the spectral emission are seen in simple waveguiding FabryPerot cavities8,11,12,15,16, coupled waveguides17, and whispering gallery modes18–21, as well as
1

polaritons from enhanced light-matter interactions in DBRs5,22 and photonic cavities23, to name a
few.
Despite the extensive experimental demonstrations of light emission and to a lesser
extent, polariton formation, the most fundamental question on the strength and nature of lightmatter interaction in perovskite photonic systems remains unanswered. This coupling strength
depends on the photonic cavity parameters, e.g., mode volume or sizes of waveguiding
nanowires24, supermodes (which arise from the coupling between nanowires)17, ring cavities
with high quality factors18, and confinement in zero dimensional quantum dots 25. Moreover,
some mechanisms, such as polariton lasing, require the presence of excitons that exist only
below the Mott density. In addition to the mechanistic details, there are many experimental
observables shared between the strong and weak light matter coupling.
As touched upon in the examples above, there is evidence across the lead halide
perovskite literature for instances of both strong and weak light matter coupling. This thesis
focuses on lasing and light-matter interactions in lead halide perovskites as well as the
underlying photophysical mechanisms when applicable to the dynamics of the light matter
coupling within these systems. Finally, to reconcile discrepancies across the literature, this thesis
explores the similarities and subtle differences between the experimental results for systems in
the strong versus the weak coupling regime. Through this contrast, it is possible to identify
experiments which help to disentangle the quantum effects from classical behaviors within the
two regimes.
Disclaimer
The Introduction section as well as other sections of this thesis are a reproduction,
alteration, and/or expansion of reference: Schlaus, A. P.; Spencer, M. S.; Zhu, X. Y. Light-Matter
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Interaction and Lasing in Lead Halide Perovskites. Acc. Chem. Res. 2019, 52 (10), 2950–2959.
https://doi.org/10.1021/acs.accounts.9b00382. Copyright 2019 American Chemical Society.
Chapter 2 is a reproduction, alternation, and expansion of: Schlaus, A. P.; Spencer, M. S.;
Miyata, K.; Liu, F.; Wang, X.; Datta, I.; Lipson, M.; Pan, A.; Zhu, X.-Y. How Lasing Happens in
CsPbBr3 Perovskite Nanowires. Nat. Commun. 2019, 10 (1), 265.
https://doi.org/10.1038/s41467-018-07972-7. Copyright 2015 Nature Springer. For the sections
which qualify as a reproduction or alteration, this disclaimer will be reprinted either at the
beginning of the chapter or the end of the applicable section. An explanation of my contribution
to each of these works can be found in Appendix 2.
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Chapter 1: Nanowire Lasers
Manipulating light has been a long-term goal of research across many disciplines. Tools
for controlling light remain a major focus of research and development from harnessing light as
energy in photocatalysis and photovoltaics to using light to carry and process information. These
principles underpin many of the motifs across photonics and optoelectronics. Nanowire lasers
happen to fall at the intersection of these two fields and offer control over light propagation as
well as becoming microscopic gain sources necessary for on-chip photonics. Beyond the
technological appeal of nanowires, their photonic structure can be utilized to precisely measure
changes in material properties.

1.1 Nanowires as photonic structures
Photonic structures can be highly diverse or incredibly specialized. One of the most
prolific photonic structures are simple rectangular waveguides. Light traveling through
waveguides can be transported with a high degree of control over long distances. Despite major
advancements in fabrication, transmission through waveguides has intrinsic loss via absorption.
These intrinsic absorption factors can be negligible at long wavelengths, but increase
approaching the visible spectrum as material absorption becomes a prohibitive factor in light
propagation through a waveguide 26. Si3N4 is one of the most common waveguide materials due
to its compatibility with popular fabrication techniques. The band gap in Si 3 N4 is about 250 nm
(5 eV) with a long absorption tail, thus making the losses in the visible region significantly larger
than in the near-IR region. Despite continued improvements in waveguide technology,
waveguide losses remain a limiting factor in the efficiency of on-chip waveguide technologies27.
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Nanowires are a popular solution to this intrinsic problem, as well as light sources, to generate
the light at the junctions of the waveguides.

Figure 1: Nanowire example, nanowire used for gain, nanowire used for switch or
nanowire used for frequency converter.

Nanowires are short sections of waveguide fabricated out of gain materials such that
instead of simply transmitting light, they emit light. Absorption and scattering limit the
effectiveness of waveguides for transmission, but if used in conjunction with nanowires as a
source of gain, the intrinsic losses of the photonic circuit can be compensated for by the
nanowire. Additionally, to the generation of signal, nanowires can also be used as detectors at the
end of a photonic circuit. Beyond being used as a gain source, nanowires also provide
mechanisms for on-chip optical switches28, or frequency converters29–31, to be utilized in more
complex on-chip circuits. Although central to many on-chip computing technologies, the
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resonant design of nanowires makes them highly effective absorbers which has led to their use in
photodetectors and similar architectures 32.

1.2 Historic Nanowire Materials
Historically, GaAs, ZnO, and GaN have been popular semiconductor nanowire materials
posing the question, how do perovskite nanowires fit into this family of materials? These
semiconductor nanowires are well established and robust, however these strengths also come
with disadvantages, namely their rigidity. The material properties such as excitonic binding
energy, bandgap, and refractive index are relatively fixed. Their fabrication techniques are also
expensive, time consuming, and complicated, requiring high temperature / high vacuum
synthesis techniques generally within a cleanroom. By contrast, perovskite nanowire synthesis
can be fabricated by simple and economic solution-growth techniques33. While this offers
numerous advantages, such as being both more economic and more efficient, it also enables a
new dimension of control over the material properties. In the case of the conventional
semiconductor nanowires, material properties are limited almost exclusively to doping.
Perovskite nanowires offer a high degree of control and tunability of material properties via
changes in chemical composition. Chemical substitution of metal, halogen, or cation all lead to
changes in the chemical properties, offering tunable bandgaps from the near-UV through the
near-IR. These chemical substitutions can be carried out simply via switching of the precursor
solutions, thus enabling chemical alloys and gradients. These techniques have enabled a new
dimension of control previously unattainable in nanowire systems.
The broadly attainable bandgaps for perovskites make them suitable candidates for
numerous optoelectronic applications. Focusing on photonic applications specifically, the
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refractive index is also an important property to consider. To understand the refractive index of
perovskites it is important to consider both the bandgap and the excitonic binding energy.

1.3 Excitons and Linear Spectroscopy
Material properties such as the bandgap and excitonic binding energy can be difficult to
accurately identify. A large contributor to the ambiguity associated with these problems is that
they change depending on what technique is used to measure them. The most common example
of this is that bandgaps when measured via optical techniques versus electronic techniques rarely
agree with each other and agree with calculated values even less frequently. In the context of
using optical techniques to study materials for optical applications, such as light emitters, the use
of optically determined bandgaps tends to suffice. However, when it comes to excitonic
properties, they are most accurately measured through magneto optical spectroscopy 34 and
terahertz spectroscopies35, which can directly probe the excitonic energies. However, due to the
complexity of these techniques, it is common to use optical techniques to try approximate
excitonic properties such as the binding energies. The common optical techniques include
reflectance, absorption, transmission spectroscopy, and ellipsometry. None of these techniques
should be used to approximate excitonic properties as they do not directly measure excitons 35. In
these techniques, the system is in the ground state; and as such, there are no carriers or excitons
present. Ground state optical techniques are determined by the complex polarization of the
probing light upon the material; therefore, they are probing the strength of the light matter
coupling at specific energies. The light matter coupling in the linear regime is well described by
the complex refractive index. Photoluminescence spectroscopy by contrast, is an excited state
technique, which might lead one to think that it is therefore a measure of excitonic populations
and energies. While photoluminescence tends to peak around the exciton energy, the emission
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itself is not an indication of excitons in the system36. An ensemble of electrons and holes
compose a strongly correlated electronic system which can emit at the exciton resonance. As a
matter of fact, the emission of an electron hole plasma is most likely to occur from the exciton
resonance. These principles are discussed at length in Reference 35. While this discussion may
seem pedantic, it represents the intrinsic difficulty of identifying excitonic behavior which is one
of the principal objectives of this thesis.

1.4 Perovskite Nanowires

Figure 2: An example of the lead halide perovskite crystal lattice of CsPbBr 3. The
inorganic lattice is composed of a metal halide framework where the lead is represented by
the red spheres, and bromine by the orange spheres located at the corners of the octahedral.
The cation cesium is represented by the sublattice of purple spheres located within the
octahedral lattice.

Lead halide perovskite nanowire lasers have become an exciting addition to the nanowire
community due to their solution processability, broad emission tunability, and low lasing
threshold8. Perovskites are the most common mineral structure on earth, with lead halide
8

perovskites being special in their optical properties compared to other members of the perovskite
family. They are characterized by the generic chemical formula AMX3 where A is a cation
imbedded within an inorganic lattice composed of a metal M and halogen X. The inorganic
lattice exists in an orthorhombic, cubic, or tetragonal phase depending on the composition of A,
M, and X. An example of the perovskite crystal structure is presented in Figure 2. Many early
reports were demonstrations of various chemical compositions and emission frequencies or
geometries, and while these did highlight the versatility of perovskite nanowire lasers, they did
not answer any intrinsic questions regarding the underlying photophysics.

Figure 3: Illustration of the various perovskite nanocrystal morphologies. Nanoplates
(middle) and nanowires (right) are solution grown and triangular nanowires are grown via
chemical vapor growth techniques. The dimensions can range significantly based off the
growth conditions however the samples discussed throughout this thesis range in length
from 5 microns to 20 microns for the long edge.

Example geometries are illustrated in Figure 3, highlighting the most common crystals
used in lasing studies. While there are many attractive aspects to perovskite nanowire lasers, the
most prohibitive aspect of perovskite technologies is the material instability. Some of these
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instabilities are purely chemical, such as perovskites aversion to water leading to surface
degradation. Other instabilities are related to the photodegradation, which stem from the lattice
properties of the material.
Conventional light emitting applications are electrically driven, which has motivated the
question: are perovskite nanowire lasers viable for light emitting applications technology given
their rampant instabilities? Continuous wave operation of lasers and LEDs are an efficient
experimental demonstration of the stability which would be required for electrical operation
without the cumbersome process of fabrication electrical devices to test for electrical operation.
A further practical advantage of this methodology for testing the viability of samples for
electrical devices is that it has a much higher throughput. As it turns out, this rapid screening was
a crucial step in identifying nanowires of appropriate crystalline quality37. While the solution
growth technique does offer many advantages, it also creates a vast distribution of nanowire
quality and dimension. While the quality, specifically in regard to the defect density, is important
for nanowire lasers, the geometry is just as relevant.

1.5 Nanowire Emission
A key characteristic of lasing, which is not often discussed in the literature on lead halide
perovskite lasers, is the sensitivity of resonator modes to changes in the optical cavity. This
sensitivity is amplified in a nanowire or nanoplate cavity where the entire cavity is occupied by
the gain medium. Changes in temperature and exciton/carrier density can dramatically alter the
resonator mode energies in the cavity through shifts in the dielectric function. Moreover,
exciton/carrier many-body interactions modify the material emission profile though bandgap
renormalization, screening, hot carrier distribution, and plasmon coupling38–40. The laser
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emission spectrum reflects the free spectral range, mode reflectivity, and gain profiles; thus, the
emission spectrum is a sensitive function of the excitation conditions.
Common to many reports of lead halide perovskite nanocrystal lasers, focusing on FabryPerot modes in nanowires, is the presence of multiple lasing peaks, as shown in the work of Fu et
al., Figure 441. These spectra show intriguing features, e.g., the appearance of narrow lasing
peaks only on the low energy side of the broad spontaneous emission peak and the energy
spacing of the multiple lasing peaks with uneven spacing 8,9,21,23–25,37,42,43,10,11,13,16–20. Although it
is possible to engineer the supported cavity mode to be selective to monochromatic emission, the
presence of multiple lasing modes is of value to understanding the underlying dynamics. Due to
the narrow line width of individual lasing mode and the dependence of these modes on material
properties, they act as ultrasensitive probes of the dielectric function and many-body
interactions44. There are three major effects on the lasing spectrum: 1. the dependence of mode
spacing on mode frequency near a resonance, such as, semiconductor bandgap or optical gap; 2.
the shift of mode frequency with excitation density; and 3. the changing gain profile with
excitation conditions.

Figure 4: Tunable laser emission spectra from single crystal LHP NWs at room
temperature. The different lasing colors are obtained from methylammonium lead halide

11

perovskites with varying halide mixing ratios. Adapted with permission from ref (1).
Copyright 2019 Nature Springer.

The first effect results from increases of the dielectric constant as the mode frequency
approaches a resonance. In a Fabry-Perot cavity, the angular frequency of the jth mode is
approximated by:
𝜔𝑗 =

2𝜋𝑐

𝑗

Equation 1.5.1

2𝐿 𝑛(𝑤𝑗)

Where c is the vacuum speed of light, L is the length of the nanowire cavity, n(ωj) is the
frequency-dependent refractive index. As ωj increases toward a resonance frequency (ω0), n(ωj)
increases and this leads to a decrease in mode spacing. The change of n(ω) near a resonance can
be understood from a Lorentzian oscillator model for the dielectric function 2:
𝜀 (𝜔 ) = 1 +

𝜔𝑝2

Equation 1.5.2

𝑤02−𝜔2−𝑖 Γ𝜔

where ω0 is the oscillator frequency, Γ is the dephasing rate, and ω p the plasmon frequency. n(ω)
is related to the dielectric function by Equation 1.5.3.
√𝜖(𝜔 ) = 𝑛 (𝜔 ) + 𝑖𝑘(𝜔)

Equation 1.5.3

The second effect results from the change in refractive index at energies near the bandgap, as a
semiconductor is excited across the bandgap 45,46. Excitation-induced changes in the complex
refractive index arise from many factors including, among others, band filling, bandgap
renormalization, diminished or enhanced screening, strain waves, and heating. As a result, each
Fabry-Perot mode in Equation 1.5.1 blue-shifts with excitation density. In a pulsed laser
experiment, this effect shows up as a red-shift in mode frequency with time, as the excitation
density depletes due to recombination.
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The third effect comes from exciton/carrier interactions including 1. band
renormalization, 2. Mott transition, 3. carrier thermalization, and 4. plasmon scattering. Band
renormalization is due to Coulomb screening of the exchange and correlation energies by
excitons/carriers, leading to a reduction in the quasiparticle bandgap. The Coulomb screening
also reduces the exciton binding energy. The two effects tend to cancel each other, resulting in
little to no change to the optical transition energy 38. The Coulomb screening has a larger effect
on light emission and, thus, the lasing mechanism when the threshold for Mott transition is
crossed. Above the Mott threshold, excitons dissociate, leaving a nondegenerate (i.e., Coulomb
correlated) electron-hole plasma (n-EHP). In this case, the lasing gain profile is determined by
stimulated emission of the n-EHP and depends on the energy distributions of electrons and holes
in the conduction and valence bands, respectively. The gain profile is thus a sensitive function of
excitation density and excitation energy, both determining the hot electron/hole temperature. In a
pulsed experiment, the gain profile is also a function of time as energetic electrons/holes reach
quasi-equilibrium described by electron/hole temperatures and cool via phonon emission 44.
A unique character of lasing form stimulated emission of an n-EHP is the involvement of
the emission of plasmon, e.g. , collective oscillations of an EHP. The coupling with the plasmon
scattering excitations to below the chemical potential lowers the threshold for lasing. This
behavior is responsible for the unique temporal and spectral profiles observed for perovskite
nanowires. For more discussion on how to understand the relation between plasmon coupling
and perovskite nanowire emission see section 2.5.
This section is a reproduction, alteration, and expansion of reference: Schlaus, A. P.;
Spencer, M. S.; Zhu, X. Y. Light-Matter Interaction and Lasing in Lead Halide Perovskites. Acc.
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Chem. Res. 2019, 52 (10), 2950–2959. https://doi.org/10.1021/acs.accounts.9b00382. Copyright
2019 American Chemical Society.

1.6 Free Spectral Range
The free spectral range of a photonic structure is the spacing between the transmission
peaks of the structure. Upon careful examination of the nanowire free spectra range, the spacing
is clearly decreasing as energy increases. The peaks appear to be centered around the excitonic
resonance trending towards the lower energy side of the emission. This feature, combined with
some misleading literature, has led to the development of the theory that these peaks represent
polariton emission. Despite this interpretation being found in a multitude of early reports for
similar systems, such as zinc oxide, the field has accepted that this interpretation is incorrect and
that the peaks can instead be described simply by accounting for the changing refractive index
near the bandgap. In this context, the nanowire emission can be well described by Fabry-Perot
modes. While this is the most accessible way of approaching the results, it has led to some
misconceptions in the interpretation of the results. From the simplest perspective, a nanowire can
be approximated as a Fabry-Perot resonator. In this picture, the end facets of the cavity function
as partially reflective mirrors. The supported modes of a Fabry-Perot resonator are determined by
the accumulated phase during a round trip travel through the cavity, as subsequent reflections
must add coherently. This criterion is described by Equation 1.6.1.
𝜆𝑞 =

2𝐿𝑛

Equation 1.6.1

𝑞

Where n is refractive index of the medium, λq is the resonant wavelength of the cavity, q is the
axial mode index of the optical cavity, and L is the spacing between the mirrors. While this
equation captures the essence of a Fabry-Perot resonator it is only accurate in the case of a
constant dielectric function over the wavelengths of interest. For a cavity which contains real
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materials or when the dielectric function is changing around the target wavelengths Equation
1.6.2 describes the spacing between adjacent peaks.
|Δ𝐹𝑆𝑅 | =

2𝜋
𝐿

𝛽=

𝛿β −1

|( ) |

Equation 1.6.2

δλ

2𝜋
𝜆

𝑛(𝜆)

Equation 1.6.3

Where n(λ) represents the real part of the frequency dependent dielectric function. This equation
highlights the principle difference between conventional lasers and nanowire lasers. Namely, in a
conventional laser, the cavity is much larger than the gain material and so the refractive index of
the gain medium has a relatively small effect on the lasing peak positions compared to the empty
cavity. By contrast, in the nanowire laser the whole cavity is filled with gain material as depicted
in Figure 5.

Figure 5: Nanowire cavity (left) versus conventional Fabry-Perot laser cavity (right).
The flat end facets of the nanowire cavity function as low reflectivity mirrors and optical
mode is fully confined to the gain material. Conversely, the perovskite material makes up a
very small volume of the conventional cavity.
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As such, the rapidly changing refractive index around the emission wavelengths within the gain
material has a large impact on the emission wavelengths. This effect is unavoidable for the
nanowire because the cavity modes, which will be amplified by stimulated emission, must
overlap with the emission profile near the bandgap of the material. However, there are two main
failures of this analytic approach when it comes to nanowires. First, as discussed above, the
rapidly changing refractive index and absorption cannot be easily accounted for as it changes on
an ultrafast timescale dependent on carrier concentration, and second, the finite size of the end
facets. In the simple cavity system, it can be approximated that a photon confined between two
mirrors travels only normal to the mirrors surface. The cross section of the nanowire functions as
a waveguide forcing the optical mode to travel normal to the end facets but this confinement also
leads to some leaking of the optical mode. While this leaking is well understood in
electromagnetism as evanescent waves, which are confined to the surface, it is not accounted for
in this model.

1.7 Comsol Modeling
The most robust method for modeling the waveguide modes of the nanowire is to
perform a finite element electromagnetic wave analysis by solving Maxwell’s equations at points
along the nanowire. This is most easily accomplished using tools such as COMSOL
Multiphysics. The advantage of this method is that it will properly account for the leakage of the
waveguide mode out of the wire as evanescent modes. Although waveguides may support many
transverse modes, emission is usually dominated by a single or few mode emission. This is due
to the principle of mode competition; the modes with the highest reflectivity will experience the
largest enhancement from stimulated emission resulting in suppression of less reflective modes.
While finite element analysis is the standard in photonic structure analysis, there are still some
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shortcomings. It is very difficult to account for variable gain systems as well as highly lossy
systems. In systems where reflectivity is relatively low, such as a nanowire, there is far less
optical feedback and so other material effects compete with the photonic properties of the
system. For example, the free spectral range can easily describe the spacing between cavity
modes but does not predict the mode profile or the reflectivity of those modes. Conversely, finite
element wave analysis does not give a straightforward way of predicting the spectral spacing
between emission peaks for lossy systems, but it does provide quantitative outputs of the mode
profile. Once the mode profiles are known, the reflectivity can be determined. In order to
determine the energies which will dominate emission it is necessary to do finite-difference timedomain (FDTD) simulations to measure the propagation of the wavepacket through the lossy
system. Generally, these calculations are overlooked because the free spectra range is relatively
easy to measure.
This section is a reproduction, alteration, and expansion of reference: Schlaus, A. P.;
Spencer, M. S.; Zhu, X. Y. Light-Matter Interaction and Lasing in Lead Halide Perovskites. Acc.
Chem. Res. 2019, 52 (10), 2950–2959. https://doi.org/10.1021/acs.accounts.9b00382. Copyright
2019 American Chemical Society.

1.8 Simple Dielectric Picture
The free spectral range and the COMSOL finite element analysis offer insights into the
spectrum of the lasing modes. It is most probable that all of the lasing peaks occur from a single
mode in simple geometries and at different wavelengths which constructively interfere within the
cavity. In theory, modes from across the electromagnetic spectrum are supported by the cavity
geometry, beginning from a low energy mode proportional to the cavity’s length and ending
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around the ultraviolet wavelength where the phase delay for subsequent round trips becomes
negligible and the spacing between modes becomes pseudo continuous. In this case, the observed
modes must overlap with the gain profile of the system. The refractive index implies that the
emission cross section should be the largest around the exciton energy. The other factor that
needs to be considered is the absorption of the material, because modes right at the exciton
energy should have the highest emission cross section but these wavelengths also have a high
absorption cross section. Therefore, the most likely energy at which the material should emit,
and where the gain profile should be the largest, is going to be the wavelength that maximizes
the emission cross section while minimizing the absorption cross section. This prediction does
indeed reflect the lasing spectra. From careful examination of the peak spacing, it clearly fits the
trend of the changing refractive index.
Due to the peak spacing being determined by the refractive index as discussed above,
nanowire lasers can be used as extremely sensitive probes of their surrounding dielectric
environment. As shown from the COMSOL modeling, a portion of the mode exists outside the
geometry of the nanowire as evanescent modes. The lasing mode itself will shift as the material
surrounding the nanowire is changed, thus altering the dielectric environment impacting the
evanescent waves. While this change is true for most materials, it can be very difficult to detect
due to the size of the change compared to the linewidth of the emission. However, given the
narrow linewidths of perovskite nanowire lasers, they make excellent candidates for detecting
these changes.

1.9 Second Order Phase Transition
Since the first reports of perovskite nanowire emission, there have been numerous
demonstrations of lasing from different perovskite nanocrystals and geometries. While the
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electronic and optical properties of this system are predominately determined by the chemical
composition and the crystal geometry, there are several experimental observations universal to
the nanowire emission across the systems. At low powers, the emission is well described by two
gaussian peaks, these peaks have been attributed to fine structure of the bright triplet exciton 47
and other excitonic fine structure. As the power increases further, the sharp Lorentzian peaks
grow superlinearly; in contrast, the broad peak from the photoluminescence continues to grow
linearly as can be seen in Figure 10.c and Figure 39. This superlinear growth continues as the
sharp peaks grow to dominate the spectrum. The superlinear growth is characteristic of a second
order phase transition from spontaneous emission to the amplified spontaneous emission
behavior which precludes lasing.
Phase transitions are classified by the lowest order differential in which the order
parameter shows a discontinuity. Therefore, second order phase transitions are marked by a
discontinuity in the second derivative of the ordering parameter. This is in contrast to a first
order phase transition, where the discontinuity is in the first derivative of the order parameter. A
familiar example of a first order transition is the melting of ice; in this case the ordering
parameter is the free energy. In the situation of lasing and polariton condensation, the order
parameter is the polarization of the electric field48,49.

1.10 Q-factor
There are many reports of the q-factors from perovskite nanowire lasers exceeding 1000 8.
This figure is determined by the ratio of peak FWHM to the peak energy as described in
Equation 1.10.1.
𝑄𝑐 =

2𝜋𝑝 1

Equation 1.10.1

𝜆 𝛿𝑐
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Specifically, this equation is referred to as the cold cavity q-factor. Where p is the round-trip
cavity perimeter, λ is the wavelength, and δ c is the total cavity-loss factor. The q-factor
represents the rate at which energy is lost from a laser cavity. This equation is based on the
assumption that the roundtrip losses for the cavity are small. In conventional lasers, this
assumption holds valid, however, for nanowires this assumption breaks down. The reflections at
the end of the nanowire can be described as the reflections from an abruptly terminated
waveguide as described by the contrast between the material dielectric function and free space
dielectric function50. The reflectivity from the end facets is 50%, which would correspond to a qfactor of approximately 170 for a nanowire 10 microns long with an emission at 535nm. In this
case it becomes clear that the losses at the ends of the nanowire are large and the q-factor is a
nonsensical value. For microcavity systems, the assumptions that losses are small are valid and
as a result the q-factor is an important metric in comparing microcavity systems. It is important
to note that the true q-factor should be measured in a cold cavity. The relation between material
absorption and the q-factor is described by Equation 1.10.2 below:
𝛿𝑐 ≡ 𝛿0 + 𝛿1 + 𝛿2 = 2𝛼0 𝑝 + ln (

1

𝑅1 𝑅2

)

Equation 1.10.251

Where α0 is the absorption coefficient, p is the cavity parameter, and R 1/R2 represent the
reflectivity of each cavity mirror. From the equation above it is clear that in reflectance or
transmission measurements on the cavity that the absorption will broaden the perceived q-factor,
the reverse of this principle is also true. Namely, that in photoluminescence measurements the
perceived q-factor will be narrowed by the system gain. While these effects make determining
the q-factor rather difficult, they may offer valuable insight into the photophysics within the
cavity. For example, if the true cavity q-factor is measured for the empty cavity, the broadening
in absorption or narrowing in emission can be used to measure absorption or gain of the system.
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As described above, it does not make sense to compare the calculated q-factors for nanowires
with other systems, because the assumptions made in the q-factor equation do not hold for
nanowires; however, the analysis of nanowire linewidth is still valuable. The intrinsic cavity
linewidth of the nanowire is narrowed when coupled to the gain of the nanowire; this feature can
be applied to determine the gain under various pumping configurations. In the case of gain, the
value of δ0 will become negative as the absorption coefficient is swapped for the gain coefficient,
thus yielding an equation to quantify the gain. The modeling required to rigorously determine
what the intrinsic linewidth of the cavity can become very complicated if material parameters are
not quantitatively known, however, since measurements can be made both below and above the
lasing threshold the ratio between these two values is a much more accessible metric.
Far above the lasing threshold, the linewidth for semiconductor lasers is given by the SchawlowTownes limit modulated by the linewidth enhancements.
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Chapter 2: Time Resolved Lasing
This section subsumes the work published in the paper How lasing happens in CsPbBr3
perovskite nanowires. As discussed in the previous sections, lead halide perovskites have
emerged as an excellent material platform for optoelectronic processes. However, despite
extensive research and discussion on lasing, polariton formation, light emission, and nonlinear
process in this material system the underlying mechanism behind lasing in and light emission in
nanowires remains unknown. In this section, lasing from CsPbBr3 perovskite nanowires are
probed with picosecond time resolution to elucidate that lasing originates from stimulated
emission of an electron-hole plasma. An anomalous blue-shifting of the lasing gain profile within
the first 25 ps is observed and assigned as a signature for lasing involving plasmon emission. The
time domain measurement provides an ultra-sensitive probe of many-body physics which was
obscured in previous time-integrated measurements of lasing from lead halide perovskite
nanowires. The material contained within this chapter is an adaptation from: Schlaus, A. P.;
Spencer, M. S.; Miyata, K.; Liu, F.; Wang, X.; Datta, I.; Lipson, M.; Pan, A.; Zhu, X.-Y. How
Lasing Happens in CsPbBr3 Perovskite Nanowires. Nat. Commun. 2019, Springer Nature
Limited.

2.1 Introduction
Lead halide perovskites continue to draw attention for their extraordinary photovoltaic
efficiencies, unique carrier dynamics, and their expanding roles in optoelectronic research. Light
emission with near unity quantum yield, low lasing thresholds, and compositionally tunable
wavelength makes them strong contenders for highly efficient light emitting devices, nanowire
lasers, on-chip photonics, and potentially exciton-polariton devices2,3,8,47,52. Recent photophysical
studies have established that charge carrier properties in conventional semiconductors; those in
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the former are exemplified by exceptional defect tolerance, slow hot carrier cooling, and efficient
dynamic screening53. Despite a plethora of publications on carrier dynamics53–61 and
lasing8,11,13,22,37,42,62 in LHPs, it remains unclear how these two aspects are related.
Central to the lasing mechanism debate is the role of excitons. Various mechanisms have been
proposed to explain the quantitative characteristics of lasing from nanowires or other
microcavities LHPs8,11,13,22,37,42,62. The formation of exciton-polaritons, a coherent superposition
between an exciton and a photon in a microcavity, is well known in layered lead halide
perovskites63–65 and has been suggested as an underlying lasing mechanism in lead halide
perovskites22,37. While exciton-polaritons may exist at low excitation density in some systems
under certain conditions, lasing in nanowires under pulsed excitation may occur above the
exciton Mott density from stimulated emission from a non-degenerate electron hole plasma 43,66–
68

. In the following section, ultrafast time-resolved photoluminescence is used to directly probe

the lasing dynamics in CsPbBr3 perovskite nanowires via spectral evolution with approximately
1 ps time resolution. It is clear from the time-resolved measurements that time-integrated
measurements of the laser emission spectra, typical in nearly all reports on lead halide perovskite
lasers published to date, obscure the intrinsic nonlinear physics in the system. Rather, the lasing
spectrum under pulsed excitation is a strongly time-dependent function, which consists of red
shifting cavity modes concurrent with blue-shifting laser gain profiles. The latter is
unprecedented and is strong evidence for stimulated emission from a non-degenerate electron
hole plasma coupled with plasmon emission.

2.2 Nanowire Samples
For the time resolved study, nanowire samples of the highest quality are needed for
reliable data collection. The sample quality and thermal contact are both extremely important for
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increasing the damage threshold and quantum efficiency. The most common method of sample
preparation of nanowires for laser spectroscopy is the dry transfer method, see the section on dry
transfer for more details on this method Appendix A. During the solution growth technique, the
growth density for nanowires is too high to isolate emission from a single nanowire, as can be
seen in the optical image in Figure 6.a, due to the overlap and entanglement with larger
nanoplates and amorphous perovskite. This density makes far-field spectroscopic studies on
individual nanowires impossible. Despite the apparent chaos around the nanowires, the

Figure 6: Single crystal CH3NH3PbX3 nanowires and nanoplates. (a) Optical
images and (b) SEM images of solution grown CH3NH3PbI3 nanostructures. (c, f)
TEM characterization of CH3NH3PbI3 NW confirms the single crystalline nature,
(c) low-resolution TEM image along the [110] zone axis, (f) high-resolution TEM
image and its corresponding FFT. (d, e) Magnified SEM images of NWs (top
view), showing square or rectangular cross-section and flat end facets
perpendicular to the long NW axis. Adapted with permission from ref (8).
Copyright 2015 Nature Springer.
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Figure 7: Scanning electron microscopy images of single crystal
CsPbBr3 triangular nanowires grown on sapphire substrate using chemical
vapor growth. Adapted with permission from ref (25). Copyright 2019 Nature
Springer.

crystallinity and flat end facets can be seen from the high-resolution TEM images in Figure 6.f
and SEM images in Figure 6.d & e. During the dry transfer technique, the density of nanowires
on the substrate is decreased significantly as to isolate single nanowires on the substrate. Given
the damage threshold and mechanism of nanowires, a substrate with high thermal conductivity is
desired in order to increase the emission stability, for this reason sapphire is commonly used.
While metal substrates offer better thermal conductivity, there is the risk of quenching or
plasmonic enhancement. To avoid any artifacts arising from the interaction between the
nanowire and substrate it is best to use non-metallic substrates.
The contact between the substrate and the nanowire in the dry transfer method is highly
variable and as such may limit the thermal transfer from the nanowire to the substrate. The
thermal transfer of the system depends on the adhesion at the interface between the nanowire and
substrate. In order to minimize the risk of thermal degradation, the nanowire should have
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maximum thermal contact to the substrate. For maximum thermal contact and thermal transfer,
the nanowire can be directly grown using chemical vapor growth techniques on the substrate at
lower density and lower defect density than solution growth techniques 69. Figure 7 shows
CsPbBr3 nanowires grown using chemical vapor techniques on a sapphire substrate. In
comparison to the solution grown nanowires in Figure 6, the spacing between the vapor grown
nanowires is much larger. This enables spectroscopic experiments to be conducted directly on
individual nanowires without needing to use the dry transfer method. An added benefit of this
technique is that it maximizes thermal contact between the substate and nanowire because they
are grown directly on the surface. These nanowires grow with triangular cross-section with the
angular bisector dimensions being hundreds of nanometers, and lengths in the few to tens of

Figure 8: Finite element analysis of the lowest order waveguiding mode in a
nanowire. The electric field polarization is depicted by the cyan arrows and the intensity
with the color scale. Adapted with permission from ref (43). Copyright 2019 Nature Springer.

micron range. These dimensions are evident from scanning electron microscope images and
atomic force microscopy. Due to the direct growth on the substrate, the vapor-grown nanowires
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are more stable under optical excitation than solution-grown nanowires commonly used 11,37, thus
permitting experiments at higher excitation densities.
The cavity mode profiles of the nanowire were determined using electromagnetic wave
analysis with the COMSOL Multiphysics finite element method. Further details on the modeling
can be found in section 2.9.5. A representative simulation result for the lowest energy waveguide
mode is shown in Figure 8, and the full set of simulated mode profiles and effective refractive
indices are shown in Figure 23.

2.3 Kerr Gating
The most common technique for providing time-resolved photoluminescence
measurements is time-correlated single photon counting (TSCPC), however the instrument
response function for TSCPC is tens of picoseconds. With this time resolution, TCSPC has been
useful in studying the hot carrier dynamics in lead halide perovskites 70. Many nanowire lasing
studies have utilized TCSPC in order to demonstrate the increased radiative decay rate associated
with the transition to stimulated emission and thus identify the lasing threshold 8. While useful in
the identification of lasing, the lasing emission occurs on a time scale faster than the instrument
response time inhibiting any quantitative study on the underlying dynamics or in identifying the
actual timescale associated with lasing. In order to resolve the lasing dynamics an ultrafast
technique such as Kerr-gating must be used.
Kerr-gating utilizes the optical Kerr effect to create an ultrafast shutter through which
stroboscopic measurements can be made. As an overview, when the technique is very similar to
analogue photography in that a slow detector can be used to capture a fast signal by only
allowing light onto the sensor in a quick burst controlled by the camera shutter. While
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mechanical shutters work great for photography, they are still orders of magnitude too slow for
capturing ultrafast dynamics. The optical Kerr effect can utilize either electronic or molecular
polarizations which act as shutters on the hundreds of femtosecond and picosecond timescales
respectively. For this study CS2 was used which has a Kerr response of approximately 2
picoseconds. As such, light only transmits through the Kerr-gate for approximately a 2
picosecond window and is then collected at the other side. By shifting the temporal offset of

Figure 9: Illustration of the Kerr gating technique. The signal (green) enters the first
polarizer (left) selecting a vertical polarization. This polarization is focused into the Kerr
medium at the same time as the pump pulse (red) whose polarization is rotated 45 degrees
from the probe. The polarization is rotated to create an elliptical polarization which is
collimated before passing through a horizontal polarizer to select the polarization orthogonal
to the first.

when the window is open relative to when lasing begins the whole temporal response can be
recorded. Generally, relatively few photons transmit through the Kerr-gate during this window
and as such it is necessary to integrate over many iterations of the experiments in order to
acquire a sufficient signal to noise ratio. For dim materials the detector used after the Kerr-gate is
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either an avalanche photodiode or photomultiplier tube without any energy resolution.
Fortunately, because perovskites have near-unity photoluminescent efficiencies there is sufficient
intensity following the Kerr-gate to use a Si-CCD array coupled to a spectrometer with sufficient
integration.

The Kerr-gate itself utilizes the optically induced nonlinearities due to molecular orientation.
Anisotropic liquids have different polarizabilities along different axes giving each axis a
different refractive index. The refractive index an individual anisotropic molecule is described by
Equation 2.3.171 below:
〈𝛼 〉 = 𝛼3 〈cos2 𝜃 〉 + 𝛼1 〈sin2 𝜃 〉 = 𝛼1 + (𝛼3 − 𝛼1 )〈cos2 𝜃 〉

Equation 2.3.1

Where α is the expectation value of the molecular polarizability and θ represents the angle of the
incident electric field polarization relative to the axis of the molecule along which the
polarizability is the largest. For CS2 the long axis of the molecule has the highest polarizability,
α3 and the short axis has the smallest polarizability α1 . The macroscopic refractive index is thus
an average of the different refractive indices determined by the thermodynamic average
molecular orientation. In the absence of a strong applied electric field the mean polarizability is
described by Equation 2.3.271:
1

2

3

3

〈𝑎〉0 = 𝛼3 + 𝛼1

Equation 2.3.2

And thus, the macroscopic refractive index n0 for N molecules is:
1

2

3

3

𝑛02 = 1 + 𝑁 ( 𝛼3 + 𝛼1 )

Equation 2.3.3

An added consequence of this anisotropy is that an applied electric field, the pumping field,
creates a torque upon the molecules. This torque aligns the majority molecules along the incident
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field. This aligning of all the molecules along the same axis changes the macroscopic refractive
index:
𝑛 2 = 1 + 𝑁 [𝛼1 + (𝛼3 − 𝛼1 )〈cos2 𝜃 〉]

Equation 2.3.4

And thus the change in refractive index is given by:
𝑛 2 − 𝑛02 ≅ 2𝑛0 (𝑛 − 𝑛0 )

Equation 2.3.5

When the change in refractive index is small compared to the magnitude of the refractive index.
Following this induced orientation of the molecules the liquid becomes macroscopically
anisotropic, and as such an incident linear polarization, the signal field, will become elliptical
during propagation through the liquid. The elliptical polarization arises from the phase delay
accumulated from propagating through a birefringent material. This phase delay, Γ, from
propagation through a birefringent material via the equation:
Γ=

2𝜋Δ𝑛𝐿

Equation 2.3.6

𝜆0

Where Δn is the difference in refractive index between the extraordinary and ordinary axis, L is
the length of propagation through the crystal and λ0.
The elliptical polarization emerging from the Kerr medium is then put through a polarizer
perpendicular to the initial polarization. Thus, only the component of the light which has been
rotated away from the initial polarization will transmit through the final polarizer. Since the Kerr
medium depolarizers within picoseconds the light which passes through the Kerr medium after
the decay of the molecular polarization will not be affected and thus will not transmit through the
final polarizer. The rotation of the incident polarization will be maximized when the pump and
signal polarizations are offset 45 degrees from each other, as is also the case with waveplates.
This picture is an oversimplification; in reality, both the pumping electric field and the
signal electric field have elliptical polarizations. In the case of an elliptical pumping the tensor
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properties of χ(3) must be considered, for a full derivation see “Nonlinear Optics, Boyd” 71. The
signal field undergoes rotation of the polarization as it passes through the optically induced
birefringence. However, the detection is also rather complex as the orthogonal components of the
elliptical polarization will behave differently through the Kerr gate. The component of the signal
which is orthogonal to the pump polarization will experience a different phase delay then the
component parallel with the pump polarization. The result is that the transmitted light can
interfere with itself upon the detector with the orthogonal component acting as a local oscillator.
While this effect does make modeling the Kerr response more difficult it conveniently increases
the signal to noise of the technique as the interference upon the detector is more pronounced than
the signal alone.
𝐼 (𝑡 ) =

𝑛𝑐
8𝜋

|𝐸0 (𝑡) + 𝐸𝑅 (𝑡)|2 = 𝐼0 (𝑡) + 𝐼𝑅 (𝑡) +

𝑛𝑠 𝑐
4𝜋

𝑅𝑒 [𝐸0∗ (𝑡) ∙ 𝐸𝑅 (𝑡)]

Equation 2.3.7

Where E0 is the horizontal component of the signal which is aligned parallel to the final
polarizer, ER is the component of signal which is rotated via the Kerr effect, For a full accounting
of the optical heterodyne analysis see reference Introduction to Nonlinear Laser Spectroscopy 72.
While all of these details can make modeling the exact propagation of a pulse due to the
Kerr effect difficult, if the goal is to time resolve the signal then the details are less consequential
as they are constant for the duration of an experiment. In this case, the time resolved signal can
be experimentally optimized by arranging the polarizers approximately 45 degrees from each
other and then adjusting the final polarizers to optimize the magnitude of the Kerr response. The
Kerr response has a weak dependence on the incident angle of the pump beam in comparison to
the probe beam and as such many configurations use noncolinear arrangements, however a
colinear pumping scheme maximizes the propagation of the probe through the pump modified
region and may be favorable if experimental geometry allows.
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2.4 Excitation Density-Dependent Lasing
The investigation begins with an analysis of the PL spectrum as a function of incident
excitation laser fluence (ρ, pulse energy per unit area), for a single NW 15 µm in length, as
shown in a two-dimensional (2D pseudo-color plot in Figure 10) and as horizontal cuts of the
pseudo-color plot in Figure 10.b. Here, the power density can be converted to excitation density
based on 1 µJ cm−2 = 1.6 × 1023 m−3, as determined by the reflectivity of the sample and a unity
absorption coefficient and sample illumination geometry. At ρ < 2 µJ cm −2, PL shows fluenceindependent spectral shape with a maximum at 2.357 ± 0.001 eV, in correspondence with that of
spontaneous emission from crystalline CsPbBr 3 perovskite39. The integrated PL intensity scales
with ρα, where α = 1.5 ± 0.1, in this low fluence region (see fit, black line, to the red circles in
Figure 10.c). PL emission from the radiative recombination of electrons and holes is a second
order (α =2) process, as is observed for single crystal CsPbBr 3 at room temperature73. In contrast,
PL emission from excitons is a first-order process (α = 1). The α = 1.5 ± 0.1 value determined
here for PL emission from CsPbBr3 at 80 K may be attributed to radiative recombination from
electron and hole carriers in the presence of a less radiative population, e.g., partial indirect
bandgap character, an equilibrium between free carriers and excitons, large polaron formation, or
competitive trapping74.
At ρ ≥ 3 μJ cm−2, a group of regular and narrow peaks emerge on the lower energy side of
the PL peak maximum (Figure 10.a - b) and an increase in the rate of growth of PL intensity with
respect to ρ in this spectral region and represented by the blue circles in Figure 10.c. The
appearance of these peaks corresponds to lasing, as reported earlier 11,37,42,62, we find that lasing
comes from a Coulomb correlated EHP, i.e., n-EHP54, as the calculated excitation density at the
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Figure 10: Excitation density-dependent lasing spectra revealing lasing and saturation
thresholds. Two-dimensional pseudo-color plot (a) and horizontal cuts (b) of
photoluminescence spectra as a function of increasing excitation energy density (ρ), 0.24–
145 µJ cm−2. The excitation energy density in (b) increases from blue to red (0.43, 0.53, 0.62,
0.77, 1.0, 1.1, 1.3, 1.5, 2.4, 2.6, 2.9, 3.1, 3.6, 4.3, 5.3, 6.5, 7.2, 7.9, 8.6, 9.6, 11.0, 12.5, 13.9, 15.4, 17.3,
19.7, 21.6, 24.0, 33.1, 37.9, 49.9, 61.9, 71.5, 83.5, 95.5, 107.5, 119.5, 131.5, 144.0 µJ cm −2). Note the
logarithmic scale for emission intensity in (b). These spectra show the evolution of emission
from below the lasing threshold (3 µJ cm −2) through the lasing saturation threshold
(30 µJ cm−2) and above. Stimulated behavior is confirmed from the PL intensity as a function
of excitation density (c), showing the integrated intensity in the lasing spectral region (blue)
where the onset of lasing corresponds to superlinear behavior and saturation of the PL
intensity (red). An exponential fit (black line) represents the power scaling law of ρ1.5
present below the lasing threshold. As pump fluence increases, the lasing spectral density
red-shifts, as shown by the positions (red dots) of the most intense peak in lasing/PL spectra
as a function of excitation density (d). The blue curve in (d) shows fit to the excitation
density-dependent plasmon energy. All spectra were obtained from a single NW with 15 µm
length at a substrate temperature of 80 K. Reproduced with permission from ref (43).
Copyright 2019 Nature Springer.

lasing threshold
of 2019
3 µJ Nature
cm −2 is 4.8
× 1023/m3, which is above the exciton Mott-density (see
Copyright
Springer.
Figure 13.c and section 2.9.6 below). The appearance of lasing peaks from only the low energy
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side of the PL peak, and not at the center of the PL peak where the oscillator strength is the
highest, is consistent with stimulated emission from an n-EHP with the simultaneous emission of
a plasmon43,67,75. The integrated intensity saturates at ρ2 = 30 µJ cm−2 or excitation density of
4.8 × 1024/m3, above which the spectral density shifts back toward the band edge. The increased
screening above ρ2 diminishes the Coulomb correlations as the system transitions into a
degenerate EHP67; as a result, the transition cross-section for lasing is decreased and this is
responsible for the saturation behavior. Further insight into the EHP lasing mechanism comes
from the evolution of the lasing spectral profile with time (Figure 11) and with excitation density
(Figure 10), as detailed below.

2.5 Ultrafast Photoluminescence of Nanowire Lasers
The laser emission was probed with picosecond time resolution to directly monitor the
lasing dynamics, Figure 11. There are four prevalent observations: 1. the onset of lasing occurs
with time delay Δt1 = ~1–3 ps; 2. the initially broad lasing spectrum narrows in Δt2 = ~3–7 ps; 3.
on longer time scales of Δt3 = 5–30 ps, the lasing profile climbs to higher energies and moves
closer to the PL peak with increasing time; and 4. throughout the experimental time window,
each lasing mode red-shifts with time. For observations 1-3, both the onset time and duration for
each step increases with increasing excitation density. The time-resolved results in Figure 11
show that the broad lasing peaks in Figure 10 do not reflect the intrinsic linewidths of the lasing
peaks, but instead arise from the time-integrated of the spectrally narrower peaks shifting with
time or excitation density. These effects are also obvious in horizontal cuts at selected delay
times and in the comparison of time-resolved and time-integrated spectra. See section 18 for
further discussion. These results are all consistent with stimulated emission from an n-EHP.

34

Figure 11: Time-resolved lasing. The 2D pseudo-color (normalized intensity) plots
show emission spectra at a 15, b 50, and c 100 µJ cm −2. These powers represent the lasing
region before saturation, the saturation region, and the high power limit. Line-cuts and
integrated spectra can be found in Figure 18. All spectra were obtained from a single NW
with 15 µm length at a substrate temperature of 80 K. Reproduced with permission from ref
(43). Copyright 2019 Nature Springer.

An EHP is inherently a two-level electronic system for which population inversion is
difficult. As first proposed by Klingshirn and coworkers for lasing in ZnO NWs 43,67,75, stimulated
photon emission from an n-EHP is coupled to the emission of a plasmon quanta, i.e., collective
oscillations of an EHPm shown schematically in Figure 12. This coupling introduces
intermediate states and creates a situation reminiscent of a classical three-level lasing scheme76.
Critically, the addition of coupling to a plasmon resonance relaxes the criterion for population
inversion in the semiconductor, traditionally given by 45:
𝜇𝑒 + 𝜇ℎ > 𝐸𝑒,𝑐 (𝑘) + 𝐸ℎ,𝑣 (𝑘)

Equation 2.5.1

Where μe, μh stand for electron and hole chemical potentials, and Ee,c, Eh,v stand for electron and
hole kinetic energies in valence and conduction bands, respectively; they are both understood to
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be zero at the band edge. In the presence of plasmon-coupled emission, the inversion criterion is
instead given by:
𝜇𝑒 + 𝜇ℎ > 𝐸𝑒,𝑐 (𝑘) + 𝐸ℎ,𝑣 (𝑘) − ℏ𝜔𝑝

Equation 2.5.2

Where ωp is the plasmon frequency. This relaxation of lasing requirements gives rise to both the
sub-bandgap lasing spectra and lasing threshold below the conventional inversion threshold
determined by Equation 2.5.1. The plasmon frequency of an electron plasma may be
approximated by:
𝜔𝑝 = √

𝑛𝑒 𝑒 2
∗
𝑚 𝜀𝑒𝑓𝑓 𝜀0

Equation 2.5.3

Where ne and m* are the number density and band mass of electrons in the conduction band, ε eff
is the effective dielectric constant which is frequency and carrier density-dependent, εo is
vacuum permittivity. The same equation applies to the hole (n h) in the valence band. The redshift can thus be understood as a measure of the plasmon energy, ℏωp, which scales with √𝑛𝑒 .
The total red-shift in lasing peak positions (red dots in Fig. 10.d) is Δp = −80 meV, as the pump
fluence increases from the lasing threshold 3 µJ cm −2 to the saturation threshold ~30 µJ cm −2. The
estimated density-dependent ℏωp (blue curve in Figure 10.d) is in agreement with experimental
data. To approximately describe the data, we use a constant effective dielectric constant
εeff = 19.2, which is 4× the optical dielectric constant of CsPbBr353. The large increases in εeff is
expected from the Drude-like response of a highly excited semiconductors in the EHP region.
This mechanism is depicted in Figure 12.
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Figure 12: Cartoon describing the carrier dynamics from photoexcitation which results
in a hot electron hole plasma (Hot EHP) through carrier cooling to a cold electron hole
plasma (Cold EHP) finishing with stimulated emission coupled with plasmon emission.
Adapted with permission from ref (43). Copyright 2019 Nature Springer.

2.6 Hot Carrier Effects
Each lasing spectral profile in Figure 11 is the product of the gain profile and the free
spectral range defined by the natural Fabry-Perot cavity. For a cavity with multiple modes which
overlap the gain profile the emission is described by the integral below 51.
∞

∑𝑎𝑙𝑙 𝑚𝑜𝑑𝑒𝑠 𝐾 (𝑤𝑖 ) → ∫0 𝐾(𝜔 )𝜌(𝜔 )𝑑𝜔

Equation 2.6.1

Where K is the frequency dependent coupling coefficient which commonly takes the form of a
Lorentzian and ρ is the photonic structure. Following excitation, there is a short-lived and broad
lasing spectrum. This broad lasing profile is attributed to the hot carriers generated via
photoexcitation in the system before they are completely thermalized with the phonon bath. The
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laser profile narrows down to several predominant modes at the times with the intensity highest
at the low energy end of the spectra. This is expected from the cooling of hot carriers. The
lengthening in time duration (Δt2) of the cooling process with increasing excitation density is
also in agreement with the slower cooling at higher densities. The excitation density dependent
cooling of hot carriers has been investigated and reported on in several accounts 53,58,59. The
primary result being that the thermalization time between the optical phonons and acoustic
phonons is slow compared to Si and conventional III – V semiconductors. Following optical
excitation in semiconductors, a hot carrier self thermalizes within tens of femtoseconds
establishing an electronic temperature, however the lattice remains out of equilibrium with the
carriers. Over the course of hundreds of femtoseconds, the optical phonons thermalize with
carriers lowering the electronic temperature. Following the carrier optical phonon thermalization,
the optical phonons thermalize with the acoustic phonons on the picosecond timescale. In
perovskites it is the thermalization with acoustic phonons which occurs on a slower time scale
than in conventional semiconductors resulting in long lived hot carriers and persistence of a hot
optical phonon distribution. These differences are reflected in the different speeds of sound for
perovskites versus other materials.
As the cooling process continues, the laser gain profile blue-shifts and moves closer to
the PL peak energy with time. The opposite trend has been observed and reported in ZnO
nanowire literature where the lasing red-shifts over time68. In published spectra from one timeresolved study on ZnO nanowires, there was evidence of blue-shifting on the tens of picoseconds
time scale but the authors did not provide an analysis or interpretation 77. The blue-shifting effect
is opposite to the initial red-shift attributed to hot carrier cooling. The blue-shift on the tens of
picoseconds time scale in our time-resolved measurements can in fact be taken as signature for
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plasmon-coupled lasing from a nondegenerate electron hole plasma, dictated by Equation 2.5.3.
As the carrier density is depleted with increasing time via stimulated emission, the plasmon
energy (ℏωp) decreases. At the initial excitation density above the laser saturation threshold (~30
μJ cm-2), the plasmon energy blue-shifts by Δℏωp ~60meV over the 25 ps time window probed.
The extent of total blue-shift increases with initial excitation density from the lasing to the
saturation threshold, as is shown by a comparison of Figure 11.a - b. In the saturation regime,
Figure 11.b - c there are no longer any observed significant spectral changes, rather the increased
screening at higher excitation density prolongs each step of the time-dependent laser spectral
evolution.
Present throughout all of the excitation densities in Figure 11 is the temporal redshift of
individual lasing modes. The cavity geometry is fixed by the nanowire but the refractive index,
nr, around the bandgap decreases with increasing excitation density 45,46. Since the energy of each
cavity mode (j) is inversely proportional to refractive index Ej ∝ 1/nr the mode energy decreases
as nr recovers with time, and the carrier density is depleted. Moreover, a higher initial excitation
density corresponds to a larger initial decrease in nr; this gives a steeper slope, -dEj/dt, in the
redshift of mode energy, as is observed experimentally in Figure 11. Similarly, the carrier
density-dependent nr also accounts for the blueshift in each lasing mode with ρ in Figure 10.
This quantitative spectra-shift of the lasing modes is further characterized in section 2.9.3.

2.6 Transient Reflectance of Bulk Single Crystal CsPbBr3
Transient reflectance (ΔR/R) measurements are carried out on CsPbBr 3 single crystals to confirm
the nature of the excitations and electronic phase transitions, Figure 13. The experimental
conditions used in the transient reflectance are close to those in the NW lasing experiments. The
samples were cooled to 80 K, excited across the bandgap at ℏω = 3.1 eV, and probed by a white
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Figure 13: Transient reflectance spectra reveal transitions from excitonic resonance to
n-EHP and d-EHP. a–d 2D pseudo-color plots of transient reflectance spectra from a CsPbBr3
single crystal at excitation densities of 0.6, 6, 30, and 120 µJ cm−2, respectively. The excitation
photon energy was 3.1 eV and the sample temperature was 80 K. Adapted with permission
from ref (43). Copyright 2019 Nature Springer.

light pulse. Below the lasing threshold at ρ = 0.6 µJ cm −2 in the 2D plot in Figure 13 or horizontal
cuts at Δt = 50 fs for ρ = 0.015 – 1.2 µJ cm−2 in Figure 14, an antisymmetric peak is observed,
which has been reported and analyzed before in transient reflectance studies on single crystal
CsPbBr3 and its hybrid counterparts73,78. In the low pump fluence region (at ρ < 3 µJ cm −2), the
anti-symmetric peak crosses zero at ℏω = 2.368 ± 0.001 eV, which corresponds to the peak
position of the excitonic resonance in the absorbance spectrum 78. This value is very close to the
PL peak position (ℏω = 2.357 ± 0.001 eV), indicating a very small Stokes shift. Note that, the
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anti-symmetric peak shape remains constant for low fluence at t >~3 ps, it slightly blue-shifts
and broadens at shorter times due to initial hot carrier cooling and localization. The full set of
transient reflectance spectra can be found in Figure 22.

Figure 14: a Transients taken at time delay = 50 fs for a variety of pump fluences
spanning the regimes of interest. b Simulated spectral shapes typical of a plasma (dotted
curve) and optical gain (dot-dashed curve) and the sum of the two (solid curve); see section
2.9.8 for details on spectral simulation. Adapted with permission from ref (43). Copyright
2019 Nature Springer.

When the excitation density is above the lasing threshold, Figure 13 or horizontal cuts at
Δt = 50 fs for ρ = 6 – 120 µJ cm−2 in Fig. 14, the zero crossing points are red-shifted by ~0.01 eV
to 2.358 ± 0.001 eV. The bandgap renormalization may change in fundamental ways as the
system loses excitonic resonance character and enters the n-EHP region. In this high-density
region, the reflectance is no longer anti-symmetric. In particular, a positive step-like feature
develops above the resonance, in agreement with theoretical simulation. The simulation
approximates the band edge as a single oscillator and account for reflection as well as stimulated
emission from an EHP, Figure 14, see section 2.9.7 for further details. The negative feature

41

broadens to lower energy at higher excitation densities; this is similar to the excitation power
dependent lasing seen in the NWs (see Figure 10 & Figure 11) and is here attributed
predominantly to amplified spontaneous emission (ASE), coupled with plasmon emission, from
the n-EHP.
While the antisymmetric spectral shape in transient reflectance corresponds to bleaching
of the excitonic correlations78, this feature diminishes for ρ > 30 µJ cm −2 and disappears
completely on short time scales at the highest excitation density of ρ = 120 µJ cm −2, consistent
with the transition from n-EHP to d-EHP. At each excitation density, the antisymmetric feature,
and thus the electron-hole correlations in the EHP, rise with increasing time. Following the
dynamics of this process from the time dependence of the spectral intensity, which is the positive
peak position of the antisymmetric feature, at ~2.37 eV. The rise of this signal (blue in Figure 13)
slows down by an order of magnitude as initial excitation density increases from 6 to 120
µJ cm−2. Figure 5a shows vertical cuts of the pseudo-color plots at 2.37 eV, including only
excitation densities above the lasing threshold (6–120 µJ cm−2). The initial reflectivity decreases
with increasing excitation density as expected due to the diminished electron-hole correlations in
the EHP. The growth of this signal on the picosecond time scale slows down by one order of
magnitude, as the excitation density increases from 6 to 120 µJ cm −2. This results from the
slowed cooling of hot carriers with increasing excitation density, an effect attributed to phonon
bottlenecks and/or low thermal conductivity in LHP57–61. The cooling of hot carriers towards the
band edges is known to increase the electron-hole correlations, and thus oscillator strength 45. The
impact of the carrier cooling rate is also seen in the integrated lasing intensity, Figure 15. The
onset of lasing occurs on the same scales as the buildup of carriers near the band edges.
Modeling of the thermodynamic phase transitions for the Mott-threshold (ρ1) and the d-EHP
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threshold (ρ2) as a function of temperature and excitation density further supported the above
interpretation, Figure 15.c see section 2.9.6.
The experimentally determined lasing threshold (ρ 1) and the saturation threshold (ρ 2) are
shown as dashed lines; they intersect the calculated phase boundaries at electronic temperatures

Figure 15: Carrier cooling, phase transitions, and mode energies. a Time evolution of
the positive feature in the transient reflectance representing the carrier cooling dynamics as
various pumping powers. b Integrated lasing intensity from the plots in Fig. 3,
demonstrating the connection with the time scales for carrier cooling in panel (a). c Phase
diagram showing the temperature and carrier densities at which the Mott densities and
population inversions lie, leading to the three electronic phase regimes: thermodynamic
population of carriers and excitons, nondegenerate electron hole plasma (n-EHP), degenerate
electron hole plasma (d-EHP). d Experimentally determined modes (extrapolated to the
lasing threshold) shown along the mode profile calculated using a single Lorentzian
oscillator for the dielectric function (see section 2.9.8). Reproduced with permission from ref
(43). Copyright 2019 Nature Springer.
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of 600 and 900 K, respectively. These electronic temperatures are the upper bounds of the
estimated electronic temperatures on the tens of picoseconds time scale from previous
spectroscopic measurements at the corresponding excitation densities 45. Thus, the lasing
threshold is at or above the Mott density for transition to the n-EHP and the saturation thresholds
correspond to transition to the d-EHP phase.

2.7 Discussion
A NW laser is distinct from a conventional laser in that the whole NW lasing cavity is the
gain material. This cavity character is responsible for the time-dependent red-shift of each lasing
mode (Figure 11) attributed to the excitation density-dependent refractive index, n(ρ)45. Another
manifestation is the nonlinear mode dispersion reflected in the decreasing energy spacing of the
lasing modes as the energy of the modes moves closer to the excitonic resonance, i.e., PL peak.
Such a nonlinear dispersion indicates a strong light-matter interaction, which has been
interpreted previously as polaritons in the bottleneck region 37. In view of the current findings on
plasmon-coupled n-EHP lasing mechanism in CsPbBr3 NWs, these claims of strong light matter
coupling can be re-interpreted from the frequency dependent refractive index, n(ω). Considering
only the real part of the refractive index, the jth mode in a Fabry-Perot cavity can be
approximated by
𝐸𝑗 =

ℎ𝑐

𝑗

Equation 2.7.1

2𝐿 𝑛(𝜔)

When ω approaches a resonance from the lower energy side, n(ω) increases and ΔE j = Ej+1 − Ej
decreases. This is obvious in a simple model involving a Lorentzian oscillator embedded in a
dielectric medium for the n-EHP; the dielectric function is71:
𝜖 (𝜔 ) = 1 +

𝜔𝑝2
𝜔02−𝜔2−𝑖Γ𝜔

And n(ω) is related to the dielectric function by:
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Equation 2.7.2

√𝜖(𝜔) = 𝑛 (𝜔 ) + 𝑖𝑘 (𝜔 )

Equation 2.7.3

Where ω0 is the oscillator frequency, Γ is the dephasing rate, and ω p is the plasmon frequency;
ℏωp is ~20 meV at the lasing threshold (Figure 10.d). Figure 15.d shows the dispersion of lasing
modes (open circles) extrapolated to the lasing threshold for three starting excitation densities
(see Figure 19–21 in section 2.9.3). The nonlinear dispersion with negative mode spacing
curvature can be well-described by Equation 2.7.1, black curve in Figure 15.d, numerically
solved for initial conditions, with n(ω) given by a Lorentzian oscillator (See section 2.9.8 and
Figure 25). To summarize, based upon a time-domain view of lasing and many-body interactions
in single crystal CsPbBr3 perovskite NWs. These measurements establish that above threshold,
lasing in CsPbBr3 NWs is not due to excitons or exciton-polaritons, but to stimulated emission
from a nondegenerate electron-hole plasma coupled with plasmons. It is clear that the lasing
mode distribution in the NW is a strong function of excitation density and time (in pulsed
operation) due to changes in both laser gain profile and refractive index. While these findings
reveal fundamental limitations of a NW as a stable lasing platform, there can be engineering
approaches to overcome these obstacles. Examples include employing long excitation pulses and
feedback in pumping power to stabilize the shifting lasing modes and coupling the NW to an
external optical cavity or photonic structure to select a narrow lasing wavelength window while
suppressing all other wavelengths. From a fundamental perspective, the shifting lasing modes in
a NW cavity serves as an ultra-sensitive probe of many-body dynamics. While the present study
focuses on CsPbBr3 NWs, the conclusions likely apply to other lead halide perovskite systems.
Compared to their hybrid organic–inorganic counterparts, CsPbBr3 possesses higher exciton
binding energy, and thus smaller exciton radius 79,80. This indicates that the Mott thresholds in
hybrid lead bromide perovskites are lower than that in CsPbBr3 and lasing in these hybrid

45

systems is also expected to be due to stimulated emission from a nondegenerate electron–hole
plasma coupled with plasmons.

2.9 Supplementary Data
2.9.1 Data of Lasing Spectra from Other Representative NWs
Figure 16 shows the excitation density dependent lasing spectra for two additional nanowires
from below the lasing regime to the saturation regime. These nanowires show the same
qualitative trends as in Figure 10. Including, the lasing threshold at excitation energy densities in
the µJ/cm2 region, the saturation threshold at 10s µJ/cm 2, the spectral narrowing followed by
blue-shifting of the gain profile with time, and the red-shift of individual lasing modes with time.

Figure 16: Excitation density dependent lasing spectra of two nanowires in the lasing
and saturation regions. The lengths of the nanowires are (a) 10 µm and (b) 13 µm. All spectra
obtained under the same conditions as those in the Figure 10. Each sample was uniformly
excited at h = 3.0 eV at a substrate temperature of 80 K. Reproduced with permission from ref
(43). Copyright 2019 Nature Springer.
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Each nanowire included in this investigation is a different length but shows the same
trends. The geometry of the nanowire affects the free spectral range, specifically the spacing
between peaks as described by Equation (1.5.6). This leads to the inverse dependence of mode
spacing on cavity length, hc/2n(ω) *L-1, where h is Planck's constant, c is the speed of light, n is
the frequency dependent refractive index, and L is the length of the cavity (i.e. the nanowire). In
agreement with this relationship, the mode spacing is smaller for longer L in Figure 16.
However, these changes in the photonic structure do not affect the thresholds or spectral
excitation density dependence suggesting that these factors are intrinsic to the material.
In contrast to the nanowires, the excitation density dependent lasing spectra from a nanoplate

Figure 17: Excitation density dependent and time-resolved lasing spectra of a
microplate (3.5 x 13µm). (a) Time-integrated emission spectrum as a function of excitation
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energy density. (b-c) Time-resolved emission spectrum at excitation energy densities of ρ = 38
and 144 µJ cm-2. All spectra obtained under the same conditions as those Figure 10 & Figure
11. Each sample was uniformly excited at h = 3.0 eV at a substrate temperature of 80 K.
Reproduced with permission from ref (43). Copyright 2019 Nature Springer.

appears similar but with several exceptions to the nanowires. The lasing threshold appears to
occur at higher excitation densities than in the nanowires; additionally, the saturation threshold is
not resolved within the observed excitation densities. The most likely explanation for these
observations are that the modified geometry and increased mode volume result in a lower carrier
density per excitation density. Despite these discrepancies in the excitation density dependencies
between the nanowires and the nanoplate, the time resolved photoluminescence of the nanoplate
exemplifies the same behavior as the nanowires. Specifically, the broad spectra observed at early
times, the climbing in energy of the emission profiles, and the redshifting of individual modes.
The broad lasing feature at early times increases with increasing excitation density, as was
observed with the nanowires. Additionally, the delay in the onset of lasing follows the same
excitation density dependence as the nanowires.
2.9.2 Sample Lasing Spectra from NWs at Selected Delay Times
At excitation densities above the lasing thresholds, the narrowing of the lasing spectra
takes longer time at higher initial excitation densities, Figure 11. A comparison of the initial
broad lasing spectra at different excitation densities reveals the red-shifting with carrier density,
as determined by the density-dependent plasmon frequency. This observation is in agreement
with excitation density dependent lasing spectra in Figure 10. The time integrated spectra in
Figure 18 illustrate the spectral congestion due to time-dependent red-shifts in each cavity mode
attributed to changes in the refractive index with excitation density. These time integrated spectra
represent the lasing contribution to static PL measurements and elucidate that the lasing emission
dominates at short times, eclipsing the PL intensity but at late times once the carrier density has
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dropped below the lasing threshold the emission is dominated by the conventional bulk PL.
Comparing these spectra to the statically collected spectra elucidate the difficulty in interpreting

Figure 18: Sample lasing spectra at selected delay times and excitation densities.
Panels a,b,c display line cuts at three excitation densities from the 2D pseudo color plots in
Figure 10. The first line cut is taken at delay time when the spectrum is broadest, with
subsequent line cuts demonstrating spectral narrowing. The top line cuts from a, b, and c are
displayed on top of each other in d for comparison. Panel e shows time-integrated spectra
from the three sets of time-resolved spectra. Reproduced with permission from ref (43).
Copyright 2019 Nature Springer.

statically collected lasing spectra from nanowire systems.
2.9.3 Quantitative Determination of Lasing Mode Energies
The dielectric function has real and imaginary components. Loss and gain are represented
by positive and negative values respectively in the imaginary component of the dielectric
function. From the lasing profile, the time dependent imaginary component of the dielectric
function can be extracted. To achieve this, numerical image processing is used to extract the
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spectral position of each lasing mode over time, Figure 19.a. The individual modes identified
from the algorithm are depicted with different colored curves in Figure 19.b. The shifting of each
mode is attributed to changes in the refractive index, as understood in section 1.6. Within the

Figure 19: Extracting laser gain profiles and mode energies. (a) Overlay of the numeric
temporal photonic mode profiles with the lasing spectrum at 100 µJ cm -2 excitation energy
density. (b) Results of the numeric image analysis where the colored curves indicate the
resulting traces of the numeric image analysis, along with the black dashed curves which
represent the fit of their temporal profile based off the global fit done in (d). (c) Fit of the free
spectral range in the energy region around the gain profile. (d) Numerically extracted lasing
mode energies from all the lasing modes (color dots), with the time evolution of each mode
shifted horizontally until all data sets fall on the same curve. Globally fit to all the data
points is shown as the dashed curve. Reproduced with permission from ref (43). Copyright
2019 Nature Springer.

experimental energy resolution, the energy of each lasing mode as a function of time can be
described by the same exponential decay.
Using the overlap of the observed lasing modes in the temporal domain, the modes can be
offset such that they all lay continuously head to tail, as shown as colored dots in Figure 19.d.
50

Figure 20: Extracting laser gain profiles and mode energies. (a) Overlay of the numeric
temporal photonic mode profiles with the lasing spectrum at 50 µJ cm -2 excitation energy
density. (b) Results of the numeric image analysis where the colored curves indicate the
resulting traces of the numeric image analysis, along with the black dashed curves which
represent the fit of their temporal profile based off the global fit done in (d). (c) Fit of the free
spectral range in the energy region around the gain profile. (d) Numerically extracted lasing
mode energies from all the lasing modes (color dots), with the time evolution of each mode
shifted horizontally until all data sets fall on the same curve. Globally fit to all the data
points is shown as the dashed curve. Reproduced with permission from ref (43). Copyright
2019 Nature Springer.

Following this procedure to create a single curve, a single exponential fit is used to globally fit
the time-dependent mode energies over the course of the experiment. Using the fit parameters
from the global fitting procedure in Figure 19d and the time offset (t0) for each mode profile,
each individual mode profile in Figure 19b, the mode energies can be extrapolated to the low
carrier density limit to provide the intrinsic mode energies. These intrinsic mode energies are
depicted as red circles in Figure 19c. The blue circles in Figure 19c represent modes which are
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not resolved by the algorithm and are interpolated from the fit function, these interpolated modes
agree with features seen in the data. Similar analysis is conducted for the data collected under the
excitation energy densities 50 µJ cm -2 (Figure 20), and 15 µJ cm-2 (Figure 21), respectively.

Figure 21: Extracting laser gain profiles and mode energies. (a) Overlay of the numeric
temporal photonic mode profiles with the lasing spectrum at 15 µJ cm -2 excitation energy
density. (b) Results of the numeric image analysis where the colored curves indicate the
resulting traces of the numeric image analysis, along with the black dashed curves which
represent the fit of their temporal profile based off the global fit done in (d). (c) Fit of the free
spectral range in the energy region around the gain profile. (d) Numerically extracted lasing
mode energies from all the lasing modes (color dots), with the time evolution of each mode
shifted horizontally until all data sets fall on the same curve. Globally fit to all the data
points is shown as the dashed curve. Reproduced with permission from ref (43). Copyright
2019 Nature Springer.
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2.9.4 Full Transient Reflectance Data

Figure 22 Transient reflectance spectra. Complete set of ultrafast transient reflectance
spectra at excitation photon energy of 3.1 eV and a sample temperature of 80 K. The range of
excitation energy density spans from below lasing threshold (a), to the lasing threshold (b),
lasing region (c) and (d), the saturation threshold (e), and the saturation region (f) - (i). Panels
(a),(c),(e),and (i) are the same panels that appeared in Figure 13. Reproduced with permission
from ref (43). Copyright 2019 Nature Springer.

2.9.5 Numerical Simulation of Wave-Guiding Modes in Nanowires
Optical waveguide analysis in the nanowires using the finite-difference in the COMSOL
Multiphysics software package. The analysis is done using the relevant photon energy to lasing,
hv = 2.4 eV These simulations are carried out for an idealized nanowire of equilateral triangular
cross section (Figure 23) and the actual nanowire with the triangular cross section determined
experimentally from atomic force microscopy (AFM) imaging. For the idealized nanowire, a
large cross section size of 5 µm is used to calculate ten optical modes, shown in Figure 23. The
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number of supported modes decreases as the lateral size is decreased, as shown in the plot of the
effective refractive index dependence on the cross-sectional area. For the actual nanowire, there
are four modes, shown in Figure 24, along with the AFM image. Within the experimental energy
window, the two lowest energy modes (mode 1 and mode 2) are nearly degenerate. It is worth
noting that the vapor growth technique should produce a right triangle. These sharp edges are not
easily resolved in AFM and so it is likely the geometry measurement is not the true geometry of

Figure 23 Numerical simulation of wave-guiding modes in an idealized nanowire.
COMSOL Multiphysics finite element analysis simulation software was used to calculate
the wave-guiding modes for an equilateral triangle with side-lengths of 400 nm. A static
refractive index of n = 2.3 was used for the CsPbBr3 nanowire and n = 1.765 for the sapphire
substrate below the nanowire. At this size, there are ten optical modes supported, and their
electric field profiles and polarizations (cyan vectors) are depicted in the images. Also
shown are the effective refractive indexes as a function of nanowire cross sectional area,
showing the increasing degree of confinement of the lowest-order modes as the nanowire
size increases. Reproduced with permission from ref (43). Copyright 2019 Nature Springer.
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the nanowire. However, while the different geometry would result in changes to the modes
mechanistic picture does not depend on the specific mode profile.

Figure 24: Numerical simulation of wave-guiding modes in the actual nanowire.
COMSOL Multiphysics finite element analysis simulation software was used to calculate the
wave-guiding modes for the nanowire used in the experiment. The first four solutions:
quasi-transverse electric mode (Mode 1- QTE1), quasi-transverse magnetic mode (Mode 2QTM1), higher order modes without trivial polarization (Mode 3 & Mode 4). Compared to
the idealized equilateral triangular shape in Figure 23, the lower symmetry in the modes
results from the lower symmetry of the actual nanowire. The reduced spatial volume of the
nanowire leads to more leaking out of the electric field. The fundamental optical mode
(Mode 1) and is likely the mode responsible for lasing (1). Reproduced with permission from
ref (43). Copyright 2019 Nature Springer.

2.9.6 Chemical Potentials and Electronic Phase Transitions
The methodology described in Versteegh et. al., PRB (2011) 81 is used to numerically estimate
the electronic phases (e.g. exciton/excitonic resonance of free carriers, non-degenerate electronhole plasma, degenerate electron-hole plasma) for various carrier densities. This method allows
for a numerical determination of the chemical potential, avoiding the erroneous high- and lowdensity limit expressions for the Mott density. This is achieved by using the definition of the
carrier density, N, in terms of the chemical potential and temperature, for a bulk 3-D material:
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𝑁=

𝑞
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𝑑𝐸

Equation 2.9.1

+1

Here, 𝑖 stands for index, which can be either the electron or the hole, 𝑚𝑖 is the effective mass,
taken from Becker et. al., Nature (2018) 47 (𝑚𝑒=0.134𝑚𝑜, 𝑚ℎ = 0.128𝑚𝑜, 𝜖𝑟 = 4.8), ℏ is Planck’s
constant, 𝑘𝑏 is Boltzmann’s constant, T is temperature, and 𝜇𝑖 148 is the chemical potential.
Supplementary Equation 1 is solved for both the electron and the hole effective masses, creating
a mapping between temperature, electron (hole) chemical potential, and electron (hole) number
densities. Next, these are used to calculate the plasma screening lengths, according to:
𝜆𝑠,𝑖 = √

𝜖0 𝜖𝑟
𝑒2

𝛿𝜇

√𝛿𝑛𝑖

Equation 2.9.2

𝑖

Here, 𝜆𝑠,𝑖 is the screening length of a single-component plasma, where once again the 𝑖 stands
for the index of either the electron or the hole, 𝜖𝑜 is the vacuum permittivity, 𝜖𝑟 is the static
dielectric function47, and 𝑒 is the charge of a single electron. These are both solved, and then
their results are combined so as to account for a two-component plasma;
−2
−2
𝜆−2
𝑠 = 𝜆𝑠,𝑒 + 𝜆𝑠,ℎ

Equation 2.9.3

Special care must be taken here to ensure that the number of electrons and holes are equal
throughout, as they are in experiments. To this end, a map is created between the electron and
hole densities, i.e. for a certain electron chemical potential, a corresponding hole chemical
potential must be found such that there are equal electron and hole number densities. Then when
taking the derivatives to generate the plasma screening length, this relationship must be obeyed
to generate an accurate plasma screening length. The screening lengths are then compared
against the unscreened exciton Bohr radius. The definition used here of the Mott density is the
condition at which point the screening length of the plasma becomes shorter than the exciton
Bohr radius; at this point, the coulomb potential between an unscreened electron-hole bound pair
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would be reduced to 1/e of its original value. It is at this density when the fraction of exciton or
excitonic resonance rapidly approaches zero. Note that at temperatures above the thermal
dissociation energy (~ 340 K here), there are no excitons, even though the screening lengths are
very long in the plasma; instead, free electrons in the conduction band is correlated with free
holes in the valence band in the form of excitonic resonance in optical transition 35. Above the
Mott density, the system is either a non-degenerate or a degenerate electron-hole plasma (n-EHP,
d-EHP). The distinction is formally where the de Broglie wavelengths of the electrons and holes
are smaller than their inter-particle separations. This is approximately satisfied at the condition
for population inversion. The final separation in the phase diagram is where the chemical
potential becomes positive, i.e. population inversion is achieved, but we have designated the
region by naming it the d-EHP region.
Note that the degenerate plasma is defined as where population inversion is achieved at
the band edge, however through the introduction of mid-gap states, the requirements for
population inversion may be fulfilled at lower carrier densities. The mechanism of the plasmonassisted lasing is that a plasmon side-band appears in the electronic structure76,82, easing the
requirement to achieve population inversion.
2.9.7 Simulation of transient reflectance spectra
The reflectance spectra are simulated using n, and k values as depicted below:
2

𝑅 (𝜔 ) =

(1−𝑛(𝜔)) +𝑘(𝜔)2
2

(1+𝑛(𝜔)) +𝑘(𝜔)2

Equation 2.9.4

Then a transient reflectance was generated using the following:
Δ𝑅(𝜔 ) =

𝑅2(𝜔)−𝑅1(𝜔)
𝑅1(𝜔)
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Equation 2.9.5

To simulate a representative shape for a plasmon reflectance, R 2(ω) was set to a different
frequency than R1, and for R1(ω) no plasmon resonance was included (ωp = 1). To simulate a
representative ‘gain’ feature, the k(ω)2 used to calculate R2(ω) is replaced -k(ω)2.
2.9.8 Nonlinear Dispersion from the Lorentzian Oscillator Model
As discussed in section 1.6, the nonlinear dispersion with negative curvature can be attributed to
the energy-dependent refractive index, Equations 1.6.1 – 1.6.3. The experimental data falls on
the computed mode profile with ℏ𝜔𝑜 = 2.38 eV, Γ = 72 meV, and ℏ𝜔𝑝 = 700 meV. Shown in
Figure 25 is the mode profile for these conditions, and the experimental data points whose mode
indexes have been shifted to lie on the curve. It is important to point out that the single
Lorentzian oscillator model is meant as a qualitative illustration of how the experimental mode
energy dispersion can be described.
Note that when the dephasing of the oscillator tends toward zero, a mode profile
reminiscent of upper and lower polariton branches is retrieved. This suggests that lasing in a
material with a resonance should be expected to have a negative dispersion for the lasing peaks,
but that this does not necessarily correspond to polaritons.
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Figure 25: Dielectric analysis of Fabry-Perot cavity modes. The dots
are from the single Lorentzian oscillator model and other colored dots are
experimental data points. The red-dotted line is resonant energy.
Reproduced with permission from ref (43). Copyright 2019 Nature Springer.
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Chapter 3: Light-Matter Interaction and Lasing in Lead Halide
Perovskites
This chapter discusses the principle of strong coupling and compares it to stimulated
emission in the weak coupling regime. Recent attempts at polariton condensation in perovskite
microcavity systems are discussed and compared to of the emission mechanism for lead halide
perovskite cavities. While there have been a number of reports claiming polariton condensation
in microcavity systems, the commonly cited experimental evidence including power dependence,
spectral narrowing, and coherence measurements are also expected from stimulated emission
thus are shown to be unambiguous evidence for polariton condensation. In contrast, quasiequilibrium Bose Einstein distributions, stochastic polarization buildup, and superfluid behavior
would offer unambiguous evidence for polariton condensation. These principles have been
established in studies on III-V semiconductor quantum well based systems but have not
vigorously investigated in recent studies on lead halide perovskites. The several accounts of
exciton-polariton lasing report no experimental evidence unique to an exciton-polariton
condensate and as such many questions remain as to the efficacy of lead halide perovskites for
quantum light applications. This chapter is a reproduction, alteration, and expansion of reference:
Schlaus, A. P.; Spencer, M. S.; Zhu, X. Y. Light-Matter Interaction and Lasing in Lead Halide
Perovskites. Acc. Chem. Res. 2019, 52 (10), 2950–2959.
https://doi.org/10.1021/acs.accounts.9b00382. Copyright 2019 American Chemical Society.
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3.1 What are Polaritons
There are three convenient definitions for conceptually understanding exciton polaritons.
First, that strong coupling between the excitonic states and the photonic states results in an
avoided crossing between the two dispersions. This avoided crossing is the result of the
formation of two new mixed states. This concept can be seen across many chemical and physical
systems, the behavior is analogous to the orbital mixing in molecular orbital theory, avoided
crossings in band structure, and countless other examples. This explanation is the most obvious
graphically but conceptually offers little illustration on polaritons at the microscopic scale.

From a quantum mechanical deposit polaritons can be thought of as a superposition
between an exciton and a photon. This superposition means that the quanta of energy becomes
indistinguishable between the excitons in the material and the photons traveling through the
material. This superposition combines some of the best features of both constituent parts. The
long-lived coherence and high mobility of the photons, as well as the ability to interact of the
excitons.
From a classical perspective, polaritons are the coherent exchange of energy between a
photon and an exciton. This is equivalent to saying that there are subsequent absorption and
emission events in which the phase is conserved. When light travels through a material it induces
a polarization, above the bandgap this polarization initially has the same phase as the incident
light. In the case of absorption, above band gap light, this polarization decoheres into electronic
excitation whose phase is random compared to the incident light. If the decoherence rate is slow
compared to the lifetime of the photon within the material, then the photon and material
polarization maintain the same phase relationship and energy can exchange between the two
without any loss of phase. This regime is what is referred to as strong coupling and as is the case
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when any two waves with fixed phases are mixed there are constructive and destructive
solutions. The interference will either raise or lower the energy of the system and this is how the
two polariton states are formed.
Polaritons may undergo a phase transition into a macroscopically coherent state called a
condensate. This is a consequence of the bosonic nature of polaritons. Excitonic condensation
has been a long-sought goal for solid state systems; however even although excitons are
bonsonic, at high density their fermionic components cannot be ignored. This has made
achieving excitonic condensation challenging at best. A polariton condensate is effectively an
exciton condensate where the interexciton interactions are mediated via the photonic field. The

Figure 26: An illustration of a perovskite DBR microcavity. Each DBR is made from 12
pairs of alternating high (blue) and low (gray) dielectric material, sandwiched between the
two DBRs is a perovskite quantum well orange. The quantum well combined with the
dielectric layers on each side make up a half λ cavity. Each dielectric layer within the DBR
corresponds to a quarter λ spacing. The electric field is depicted in green and can be seen to
be most confined to the half λ cavity decaying away on each side. Reprinted with permission
from ref (83). Copyright 2019 American Chemical Society.
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photonic field allows excitons to interact at greater distances thus reducing the fermionic
interactions which take place at high density and small separation of excitons. The threshold for
condensation can be understood from the context of the de Broglie wavelength of the polaritons
given by:
𝜆𝑑𝐵 = √

2𝜋ℏ2

Equation 3.0.1

𝑚∗ 𝑘𝐵𝑇

Where m* is the effective mass of the polariton. The condensation threshold is where the density
of polaritons is such that the de Broglie wavelengths overlap thus allowing the polaritons to
interact and develop a macroscopic wavefunction spatially across the condensate. The effective
mass is dependent on the strength of light matter coupling as it is related to the slope of the
dispersion in solid state systems. As such, the polariton effective mass is 4-6 orders of magnitude
lighter than that of the exciton. The lighter the effective mass the longer the de Broglie
wavelength and thus the easier condensation becomes.

3.1 Strength of Exciton - Photon Coupling
In the strong coupling limit, exciton polaritons are described quantum mechanically as a
superposition between excitons and cavity photons. The simplest mathematical description for
the quantum-mechanical treatment of light-matter coupling83.
𝐸𝑝ℎ − 𝑖Γ𝑃ℎ
̂=(
𝐻
𝑔
2

𝑔
2

𝐸𝑒𝑥 − 𝑖Γ𝑒𝑥

)

Equation 3.1.1

The diagonal terms include the momentum-dependent energies of the bare cavity photon (Eph)
and exciton (Eex) as well as their energetic dampening rates, iΓph and iΓex, respectively. For the
photon, dampening is related to the cavity photon lifetime τph by Γph = ℏ/τph; for the exciton, it is
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Figure 27: Upper and lower polariton branches, orange and blue respectively. The
exciton is depicted as the red dashed line and the green dashed line represents the cavity
photon.

given by the total dephasing lifetime τex by Γex = ℏ/τex . Diagonalization of this Hamiltonian gives
the polariton eigenstates,
𝜆1,2 =

𝐸𝑒𝑥 +𝐸𝑝ℎ −𝑖(Γ𝑒𝑥 )
2

2

1
± √ [𝐸𝑝ℎ − 𝐸𝑒𝑥 + 𝑖(Γ𝑝ℎ − Γ𝑒𝑥 )] + 𝑔2
2

Equation 3.1.2

that have a sensitive dependence on the light-matter interaction strength g and the energy
dampening rates, Γph and Γex. This equation is phenomenological and as such is applicable to
any strongly interacting system. As a more accessible picture, this can be considered as an
analogy to chemical bonding, where atomic orbitals combine to create two new molecular
orbitals possessing different energies than their constituents. Here the picture is very similar,
where the mixing between the material and photon states results in two new states.
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Figure 28: Simulated dispersions from light–matter interaction. Panels a–f depict
approximate reflectance in resonant (a–c) and nonresonant (d–f) optical cavities. This is
calculated from eq 7, and in all cases with a photon dephasing energy of 5 meV, an exciton
dephasing energy of 25 meV, and the exciton centered at 2.3 eV. The images are generated by
plotting the one minus the Lorentzian eigenvalues, where the Lorentzian lineshapes are
centered at the real part of the eigenenergies, and the line widths given by the complex part.
To generate the resonant images in parts a–c, the photon minimum is assumed to be 2.3 eV,
in resonance with the exciton, and for the nonresonant images in parts d–f, the photon
minimum is assumed to be 2.25 eV. The values of Rabi splitting are 10 meV (weak coupling,
a,d), 25 meV (intermediate coupling, b,e), and 50 meV (strong coupling, c,f). Reprinted with
permission from ref (83). Copyright 2019 American Chemical Society.

Ignoring the imaginary components, the avoided crossing can clearly be seen in Figure
27where the exciton dispersion is displayed in red, cavity photon in green, upper polariton in
orange and lower polariton in blue. The splitting is largest at the avoided crossing where the
distance between the upper and lower polariton branch is equal to twice the coupling g.
While ignoring the imaginary parts of the dielectric function is advantageous for
illustrative purposes it ignores the aspects of dephasing which are necessary for differentiating
between the strong and weak coupling limits. Figure 28shows the simulated polariton
eigenvalues and their dephasings as a function of parallel momentum or detection angle in an
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idealized planar cavity. The simulation assumes the exciton energy to be Eex = 2.300 eV and
cavity photon energies in resonance (upper panels) or detuned (lower panels). In the simulation,
the energy dampening rates are Γph = 5 meV and Γex = 25 meV and small (a, d), intermediate (b,
e) and large (c, f) g values. The polariton community has adopted a nomenclature for
categorizing the “degree” of light-matter coupling. The simulation in Figure 28 from the
eigenvalue in equation 3.1.2 reveals that, in the anticrossing region (Eph ≈ Eex), there is no
avoided crossing until the Rabi splitting g exceeds the absolute value of the difference between
the energy dissipation rates,
𝑔 > |Γ𝑝ℎ − Γ𝑒𝑥 |

Equation 3.1.3

However, a more helpful definition is found by setting up the inequality that the energy splitting,
g, exceeds the sum of the linewidths 84 and yields the following inequality for strong coupling:
2
2 )
𝑔 > √2(Γ𝑝ℎ
+ Γ𝑒𝑥

Equation 3.1.4

When this inequality is not met, the eigen energies are technically modified by g, but this is
hardly observable experimentally and is sometimes termed weak coupling, Figure 28.a & d. At
2
2 ) both the photon and the exciton dispersions
the intermediate coupling range, 𝑔 ≈ √2(Γ𝑝ℎ
+ Γ𝑒𝑥

are noticeably modified, but anticrossings are not clearly established, Figure 28.b & e. To
provide a physical picture, the coupling strength g must exceed the dephasing rate of the system,
or in other words, the rate of energy transfer between the exciton and the photon must be faster
than the dephasing in order of the system to maintain a constant phase. When the coupling g
exceeds the dephasing, Equation 3.1.2 gives an upper and lower polariton branch (UPB and LPB,
respectively) from the avoided crossing of the cavity photon dispersion and the exciton
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dispersion85,86, Figure 28.c & f. On the LPB, the exciton-polaritons are exciton-like at high
momentum k and photon-like at lower k.

Figure 29: An illustration of a whispering gallery mode. The mode circulating within
the crystal changes wavevector upon each reflection and thus has no well-defined in-plane
wavevector. Reprinted with permission from ref (83). Copyright 2019 American Chemical
Society.

3.2 Photonic Cavities
It is important to compare the nano/microcrystal cavities with DBR cavities for their roles
both in conventional lasing and in the strong coupling region. As an example of the former, lead
halide perovskite crystals with at least on subwavelength dimension(s) on the order of hundreds
of nanometers for waveguiding, with one or two dimensions on the order of 100-2 μm to support
Fabry− Perot or whispering gallery modes. In these cases, the exciton and carrier properties can
be considered bulk, unless specifically stated otherwise, but the photon is confined in the
subwavelength dimension(s). Whispering gallery modes are comprised of many reflections at
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small angles to create constructive interference upon one or more multiple trips around the
cavity. An illustration of such a whispering gallery mode is shown in Figure 29. As one may
expect, given the many reflections around the cavity the in plane wavevector is not well defined
and in angle resolved studies has little dependence on wavevector 87. Whispering gallery modes
are most common in circular or spherical cavities but can exist in larger polygons as well.
Conventional lasers utilize highly reflective cavities or photonic structures to create longlived photon modes that are coupled to a gain material for amplification. The high reflectivity of
a DBR mirror comes from alternating layers of dielectrics with “optical thickness” of λ /4n,
where λ is the light wavelength and n is the refractive index. Interference of reflections from the
interfaces with contrasting refractive index gives rise to reflectivity centered at λ. Interference
between the top and bottom DBR serves to create a narrow transmission peak referred to as the
cavity mode. In a DBR cavity mode. In a DBR cavity, a thin active layer of gain material is
placed at the center of the spacing layer of gain material is placed at the center of the spacing
layer, overlapping with the antinode of the electric field, to maximize the light-matter interaction
strength. See Figure 26 for an illustration.
The situation is different for nanocrystal cavities. Figure 6 shows SEM images of typical
solution grown lead halide perovskite nanowires and nanoplates 8. High-quality single crystal
samples feature smooth edges and flat crystal faces, the end facets of the crystals act as mirrors
due to the dielectric mismatch between the crystal and the environment. In the case of larger
crystals, with many reflective surfaces, the geometry may support more complicated modes,
generally referred to as whispering gallery modes. Unlike a DBR cavity, a nanowire or
whispering gallery crystal cavity is a highly lossy system, for further discussion on how this
property relates to the Q-factor see section 1.10. In addition, the nature of the gain media is
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drastically different in the two cases. In the simplest DBR cavity scheme, the gain medium sits
only at an antinode of the electric field. Given the low losses of the dielectric stacks, the
emission linewidth is narrow. In contrast, the gain material in a nanowire laser occupies the
entire cavity; this geometry leads to increased loss and extreme sensitivity of lasing modes to
dynamic material properties. For a more extensive discussion of the differences between
nanowire/nanoplate cavities and DBR cavities, interested readers are referred to the excellent
tutorial of Klingshirn43.

3.3 Stimulated Emission vs Polariton Condensation
The strength of exciton-photon coupling determines the mechanism of coherent light
emission. A conventional laser in the weak coupling regime is described by stimulated emission.
In this mechanism, lasing occurs when population inversion is reached and light escaping the
cavity is coherent, directional, and polarized. The threshold for lasing is characterized by a
crossover from a linear to superlinear relationship between emission intensity and pump fluence,
with a concurrent decrease in emission lifetime. However, similar characteristics of light
escaping a cavity may also result from exciton-polariton condensation. When polariton
condensation occurs, light leaking out of the cavity possesses all characteristics of a laser. This is
the reason that exciton-polariton condensation has sometimes been called polariton lasing 85,86.
Despite fundamental differences, stimulated emission in the weak coupling region and coherent
light emission from exciton-polariton condensates at the strong coupling limit can appear
indistinguishable in many experiments.
The transition from spontaneous emission to stimulated emission or from incoherent
exciton-polaritons to coherent polariton condensates are both considered second order phase
transitions. These phase transitions are characterized by the nonlinear dependence of an order
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parameter, in this case, coherence of emitted light on excitation density. In the weak coupling
limit, stimulated emission drives the intensity dependence. In strong coupling, the phase
transition and nonlinear growth in emission intensity results from the coherence-forming Bose
scattering surpassing the incoherent and spontaneous-scattering above the threshold. Thus,
polariton condensation formation can be viewed as stimulated scattering. In either stimulated
emission or stimulated scattering, the process is driven by Boson statistics, where the Bosonic
occupation of a state increases the probability of Bosons scattering into that state. However, there
is a fundamental distinction: the coherence builds up in the gain material itself for a polariton
condensate, while it exists only in the photonic cavity for lasing with weak coupling. One criteria
frequently used in determining that emission is from a polariton condensate and not stimulated
emission is the presence of two thresholds transitioning to superlinear growth in the integrated
intensity plotted versus excitation power. The first threshold corresponds to the condensing of
polaritons into a condensate, and the second threshold corresponds to the transition from a
polariton regime to stimulated emission.
When measuring the coherence of the system, it is important to realize that light from all
sources is coherent over certain distances, Even incoherent light when observed at sufficient
distance from the source appears coherent, as demonstrated in the famous Hanbury Brown and
Twiss experiment88. When dealing with microscopic techniques, the optics involved can easily
introduce spherical aberrations, giving rise to interference effects which may be misinterpreted
as coherence. As such, in addition to careful modeling of the optical response of an experimental
setup, it is important to examine the relationship between the measured coherence and the
emission intensity. According to the Van Cittert-Zernike theorem89, at large distances the
measured coherence of an incoherent light source will increase linearly with intensity. To prove
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that the light coming out of a cavity is truly coherent, the magnitude of the interference fringes
normalized to the incoherent background should increase superlinearly across the lasing or
polariton condensation threshold to insure that it is not simply an artifact of the optical
configuration.
Stimulated emission and stimulated scattering are both expected to produce a high degree
of temporal and spatial coherence. The former is reflected in the first order temporal correlation
function, g (1) (t, t′) → 1. Some authors cited spatial coherence, determined in the first-order
spatial correlation function, g(1) (r, r′) where r and r′ represent two locations in an emission
image, as a proof of polariton condensation. However, first-order spatial coherence is also
expected in an image of a lasing cavity86. In principle, a true polariton condensate will emit with
g (2) = 1, but this is the same value expected for a classical laser. In both a classical laser and a
polariton condensate system, a transition ought to be observed, as the lasing threshold is reached.
Second order coherence (g (2)) can be helpful in analyzing how spatial confinement leads to
nonlinearities, driving condensation, as has been seen in micropillars 90. Other experiments utilize
the quantum-mechanical nature of the polariton condensates, using the potential of bunching and
antibunching, down to the single photon limit 91,92.
More unambiguous evidence for polariton condensation comes from superfluidity and the
two-threshold behavior. Like other superfluid behavior, superfluidity in polariton condensates
can be established from its ability to avoid scattering with defects. Superfluidity has been
demonstrated in semiconductor quantum well based DBR cavities in the presence of a potential
gradient, where the mobile polariton condensate does not undergo scattering with defects 93,94.
The two-threshold includes the first transition from exciton-polaritons to the polariton
condensate and the second to the photon lasing regime at higher excitation densities 95. The latter
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comes from many-body screening and the exciton Mott transition, which results in electron-hole
plasmas and stimulated emission above the second threshold. These two transitions should be
observable in the emission intensity, emission line width, and high order coherence functions as
a function of excitation densities.

3.4 Perovskite Microcavity Literature
Given their comparatively large oscillator strengths and exciton binding energies, lead
halide perovskites are attractive material systems for the exploration of exciton-polariton
condensation83. There have been several reports of strong light-matter interactions and exciton polaritons in the strong coupling regime in lead halide perovskites 5,22,96,97. Two reports by Xiong
and co-workers5,22 used material systems of CsPbBr3 and CsPbBr3 in DBR cavities to
demonstrate emission in the strong coupling regime. These authors demonstrate both a clear
avoided crossing resulting from strong coupling as well as a laser threshold in each case. The
latter came from the power dependence in emission intensity as well as spectral and angular
narrowing in emission spectra.
While the conclusion of strong coupling is well-founded from observed avoided crossing
in angle-resolved photoluminescence emission, the claim of polariton condensation requires
scrutiny. It is possible, for example, that the system undergoes a transition into the weak lasing
regime across the lasing threshold. This is likely in the CsPbBr 3 system, as its exciton binding
energy is roughly similar to room temperature thermal energy. As pumping power increases, the
exciton population present at low carrier densities may be largely transformed into an n-EHP,
whose emission follows the dispersion of the DBR cavity, due to the present geometric and
optical constraints. For both systems, there are several experiments or analyses that can be done
to make a more convincing argument for polariton condensation. Such experiments would
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include showing superfluidic behavior 93,94, the appearance of a stochastic, linear polarization, or
statistical analysis of the system that shows Bose-Einstein statistics and condensation 85.
Sample inhomogeneity and disorder are persistent problems in the study of polaritons in
lead halide perovskites. One avenue to circumvent these issues may be the use of lower
dimensional lead halide perovskite, such as two-dimensional quantum wells and zerodimensional quantum dots, to increase exciton binding energies. There have yet to be
unambiguous demonstrations of exciton-polariton condensation in two-dimensional lead halide
perovskite systems. The application of lead halide perovskite nanowire lasers requires long-term
stability. Recent advances in crystal quality37,98 and photonic structures99 have led to
demonstrations of continuous wave lasing. Nevertheless, challenges remain for electrically
pumped nanowire lasers and for on-chip integration. Polaritonics based on lead halide
perovskites are very attractive but are still at an early stage of research and development. There
remain many control experiments, such as demonstration of superfluidity, to unambiguously
establish exciton-polariton condensation in lead halide perovskites.

3.5 Nanowire Mechanisms
The plasmon assisted lasing mechanism outlined in chapter 2 calls for a reinterpretation
of key results on CsPbBr3 nanowires, previously attributed to exciton-polariton condensation 37.
Figure 30 shows photoluminescence spectra from CsPbBr 3 nanowires at excitation densities
around the lasing thresholds at three temperatures, (a) 77 K, (b) 171 K, and (c) 295 K. The lasing
spectra dramatically depend on temperature, with mode spacing increasing almost an order of
magnitude as temperature increases from 99 to 295 K. This is also accompanied by a red-shift in
the lasing peak energies and photoluminescent peak with temperature. As such the relative
position of the lasing emission compared to that of the photoluminescence peak is increasing as
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temperature increases. Aside from the spectral positions, the linewidth of both the
photoluminescence and that of the lasing peaks can be seen broadening at higher temperatures.
All of these factors reflect large changes in the real and imaginary components of the refractive
index over the temperature range measured. Given that CsPbBr 3 undergoes no phase transition
over this temperature range the shifts are attributed to electronic effects. It is clear that the
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radiative and nonradiative recombination rates are changing substantially when comparing the
lasing thresholds across the different temperatures implying that the oscillator strength is
significantly larger at lower temperatures, a common property of semiconductors. While these
results were initially taken as evidence for polaritons near the bottle region of the lower polariton

Figure 30: Lasing spectra as a function of temperature from a 13 µm long CsPbBr 3
NW. PL spectra under pulses laser excitation (454 nm, ∼60 fs, 0.5 MHz) at (a) 77 K with 2.3,
4.7, and 7.0 µJ cm–2; (b) 171 K with 18, 30, and 42 µJ cm–2; (c) 295 K with 40, 79, and 99 µJ
cm–2. (d) Lasing peak positions (circles) referenced to the peak position (Eg) of the broad
incoherent PL as a function of carrier excitation density at the three temperatures in
panels a–c at different temperatures (blue, 77 K; purple, 171 K; red, 295 K). The size of
each circle is proportional to the peak intensity. Panels a–c are adapted with permission
from ref (60). Copyright 2018 Wiley and reprinted with permission from ref 83. Copyright
2019 American Chemical Society.
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branch37, the data is now understood to arise from stimulated emission of a nondegenerate
electron hole plasma coupled with plasmon emission 44. As temperature increases, the threshold
excitation power or carrier density for lasing increases due to enhanced nonradiative
recombination channels. A higher carrier density means a higher plasmon frequency, which
shifts the lasing gain profile further away from the bandgap, thus accounting for the red-shift
with temperature. The decrease in refractive index away from the resonance with increasing
temperature can account for the increase in mode spacing, similar to results in Figure 25.
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Chapter 4: Strong Coupling
There are several experiments which should be conducted in order to evaluate the
viability of lead halide perovskites for use as excitonic materials in polariton systems. The first,
and simplest experiment for this determination, is to examine the excitation fluence dependence
of the emission in order to observe a two-threshold behavior. Second, angle-resolved
photoluminescence should be compared to spatially resolved photoluminescence, both below and
above the thresholds identified within the power dependence, to observe the condensing
behavior. A polariton condensate should fit the Heisenberg-limited position and momentum
uncertainty product100. Third should be a measure of coherence or photon correlation. If possible,
a test of polariton interactions should also be conducted to differentiate between photonic and
polaritonic behavior. These criteria together would provide unambiguous proof of polariton
condensation. As some of these experiments remain to be conducted, this chapter will address
the experimental process from the microcavity fabrication to the dynamics which govern
polariton condensation and dephasing, and conclude with recent measurements on perovskite
microcavities which highlight the potential for designing perovskite systems to maximize
polariton coherence. Despite the absence of conclusive proof of polariton condensation, the
properties which are evident in the weak coupling regime would persist into the strong coupling
regime due to their intrinsic nature, thus motivating the realization of perovskite polaritonics.

4.1 Microcavity Fabrication Techniques
There are many techniques available for the fabrication of microcavity distributed Bragg
reflectors. Lead halide perovskites are difficult to work with compared to conventional
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semiconductors; therefore, they are incompatible with many cleanroom techniques. The
following outlines the advantages and disadvantages of common dielectric deposition techniques
as they relate to lead halide perovskites.
Chemical vapor deposition, while known for producing very high-quality dielectric
layers, operates at extremely high temperatures. In this technique, the precursors need to be
heated to the point of vaporization and then diffused through a glass tube to react at the sample
surface. Not only are the high temperatures highly restrictive to samples which can survive such
fabrication, but the deposition process is excessively slow. It would take weeks to finish the
deposition of a multi-dielectric stack and given the configuration of most chemical vapor
deposition chambers, it may require moving the substrate between two furnaces, one for each
dielectric material. Anytime the substrate is exposed to ambient conditions the surface runs the
risk of accumulating dirt or other chemical species, which may disrupt the subsequent deposition
process.
Plasma enhanced chemical vapor deposition is a decent compromise for producing
dielectric films for most samples. A plasma is used instead of high temperature to create the
reactive species, which form dielectric layers at the surface. Usually a showerhead shaped
apparatus feeds in the reactive and carrier gasses and acts as an electrode. The sample stage
which holds the target wafer acts as the second electrode, thus the wafer is in direct contact with
the plasma. In contrast to chemical vapor deposition, the plasma allows for the deposition of
dielectrics at significantly lower temperatures 150 C - 450 C. It is however important to note that
as temperature is increased the quality of the films increases and so to maximize the reflectivity
of the resulting DBRs and quality factor of the cavity, the deposition should be carried out at the
maximum temperature that the samples can withstand. Furthermore, the deposition rates can be
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much more variable, while faster deposition rates can lead to uneven depositions or higher
surface roughness, the deposition rate allows for the completion of a DBR stack within 1 - 2
days. Finally, the technique does not require the sample to be removed from the chamber
between each deposition, however the layer quality is expected to degrade as the chamber gets
increasingly dirty. For this reason, it is important to have enough purges between deposition
cycles and it may be worth cleaning the chamber after several layer depositions. Note it is not
possible to clean the chamber without removing the substrate because the plasma used to clean
the chamber will also etch away the DBR. This technique is probably the fastest and most
accessible for the deposition of DBRs, however it cannot be used to create the top DBR without
causing significant damage to the perovskite or compromising the dielectric layer quality. It is a
good technique for producing the bottom DBR before any perovskite has been added to the
system.
Inductively coupled plasma chemical vapor deposition is by far the best solution for low
temperature deposition of dielectric films. The function is similar to that of PECVD but the
configuration is different. Also known as high density plasma enhanced chemical vapor
deposition, it uses two power sources to drive the plasma. The first source generates an
inductively coupled plasma without involving the target, keeping the voltage difference between
the plasma and the wafer minimal. The second power source is used to direct the plasma towards
the substrate by applying a bias power to the sample stage. Separation of the field used to create
the plasma and the field used to direct the plasma allows for the ion energy and ion flux to be
controlled independently. This result is most ideal for depositing thin dielectric layers on
sensitive samples as the sample temperature can be kept under 100 ˚C. In addition to lower
temperatures, ICPCVD generally produces higher quality films than PECVD.
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Sputtering was also considered for DBR fabrication as the surface quality is similar to
that of the other techniques mentioned here 101. Sputtering is a type of physical vapor deposition
which uses bombardment of inert atoms instead of heat to eject target material towards the
substrate. As a physical technique, the sample temperature can be kept low. However, due to
lack of availability of the required supporting targets this technique was not utilized within this
work.
Molecular beam epitaxy is the best technique for fabricating the highest quality dielectric
layers when used with a dual beam configuration. The first beam is used to create the reactive
species and the second beam is used to anneal the layer to provide better dielectric quality.
Molecular beam epitaxy occurs under high to ultra-high vacuum and are much slower to ensure
crystalline growth of layers at the surface. Each precursor is independently controlled and
directed onto the surface such that the reactive species only react on the substrate. The slow
growth rate allows for extreme precision and high crystalline quality. Molecular beam epitaxy is
significantly slower than the other techniques discussed within this section. In the case of
extremely robust samples, the slow growth rate is not necessarily prohibitive; however, in the
case of lead halide perovskites, the material stability prevents long term experimental work on a
single sample. Thus, the need to produce many DBR cavities requires a faster fabrication.

4.2 Polariton Dynamics
One of the driving interests for polariton devices is to produce long lived coherence in
solid state systems to produce polaritonic Qubits. In order to best understand how to extend and
manipulate coherence in polariton systems, it is first important to understand the dynamics of
both condensation and decoherence in these systems. As discussed above, the scattering
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dynamics of the system are given by the excitonic portion of the system. The simplest picture to
consider is an isotropic polariton system described with the dispersion in Figure 27 & Figure 28.
In many cases, the goal is to achieve polariton condensation in these microcavity systems, so it is
helpful to examine the dynamics from the viewpoint of how they facilitate or inhibit
condensation in the system.

Figure 31: Illustration of parametric scattering on the lower polariton dispersion (blue). The
empty circles correspond to initial states and the filled in circles correspond to final states.
The arrows represent the energy and momentum conservation required for the scattering.
Scattering processes shown in green are allowed while red processes are forbidden via
energy and momentum conservation rules.

For an incoherent excitation in an excitonic system, the laser pulse pumping above
bandgap will first create a population of electrons and holes at high energy above the bandgap. In
this instance, we are considering individual electrons and holes whose single particle energies
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cannot be depicted within the excitonic quasiparticle picture, however their dynamics and single
particle energies can be easily visualized and understood from a bandgap perspective. As the free
carriers cool, excitons begin to form in the system at high wavevectors (compared to the
polariton wavevectors). These excitons will cool down their dispersion via emission of both
optical and acoustic phonons, as well as excitonic scattering. The result of this exciton cooling
and thermalization with the phonon branches creates a thermalized distribution of excitons at the
bottom of the dispersion. In a polariton system, the low momenta portion of the exciton
dispersion as well as the k = 0 point fall within the light cone, meaning that they mix with the
photon, therefore the dynamics within this region differ significantly from those outside the light
cone. The region of the excitonic dispersion which falls outside the light cone is referred to as the
dark exciton or dark polariton reservoir since they do not couple with the radiative field. The
dark excitons still affect the overall energy of the system, resulting in the blue shifting of
polariton energies at higher density.
The excitons in the dark region remain governed by a thermodynamic distribution of
excitons, and as a result, their dynamics are governed by material properties. For the polaritons
within the light cone, the dynamics are considerably further from equilibrium than in the case of
a simple excitonic system. The driving force for this nonequilibrium behavior are the decreased
lifetime of the polaritons as well as to the reduced scattering cross sections which can result in
polaritons building up at higher wavevectors along the dispersion. The region where the
polaritons build up is referred to as the bottleneck region.
There are two factors which contribute to the bottleneck effect: first is the shape of the
dispersion and second is the scattering cross section. As the dispersion approaches k = 0 the
curvature changes from positive to negative. The positive curvature is due to the parabolic
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dispersion of the exciton and the negative curvature arises from the avoided crossing in the
polariton branch. The effective mass of the exciton is two to four orders of magnitude larger than
the polariton; therefore, the curvature of the exciton appears flat on the scale it is usually
calculated. Where the curvature becomes negative it becomes more difficult to meet the energy
and momentum scattering criteria required to scatter further down the dispersion. The decreased
curvature of the excitonic portion of the dispersion enables parametric scattering, where one
polariton is scattered to higher energy and the second is scattered to lower energy, as depicted in
Figure 31 (green).

However, in the bottleneck region these conditions cannot be met. Lack of energy
momentum conservation suppresses scattering to lower energies and acts as a barrier to polariton
condensation, as shown in Figure 31 (red). The energy and momentum conservation are
determined by the discrepancy of curvature between the bottleneck region and the adjacent
dispersion. The curvature depends on both the strength of the coupling and the detuning in the
system.
The second factor which contributes to the bottleneck effect is the decrease in scattering
cross section, or polaritons, as they approach k = 0. This is driven by the decreasing excitonic
fraction and increasing photonic fraction as you approach the bottom of the lower polariton
branch. The excitonic fraction can be determined from the eigenvectors of the polariton
Hamiltonian Equation 3.1.1 and by Equation 4.2.1 below:
1

𝛿

2

√𝛿2+Ω2

𝑥 = (1 +

)

Equation 4.2.1
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Figure 32: Hopfield coefficients, illustration the photonic
fraction (blue) and excitonic fraction (red) for a negatively detuned
microcavity system.

Where x is the excitonic fraction, δ is the difference between the energy of the photon a k=0 and
the exciton energy at the given wavevector. In addition to the changes in the curvature which are
produced by changing the coupling strength and detuning these changes will also alter the
photonic fractions. As mentioned above, the scattering of polaritons with other polaritons or
phonons is facilitated through the excitonic fraction, therefore decreases in the excitonic fraction
results in decreases of the scattering cross section. In the cases of large detuning, the bottom of
the lower polariton branch may have no excitonic fraction making it impossible for any
scattering to populate that state. These effects can clearly be seen in Figure 33.
The combination of the two effects discussed above, namely the energy momentum
conservation and scattering cross sections, allows for predictive behavior simply based off the
detuning. For instance, the ideal conditions to produce polariton condensation would occur in a
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slightly positively detuned system. At negative detunings, polariton condensation is less likely as
one would expect the emission to be dominated by a ring like emission in the Fourier plane. By
changing the detuning, the angular emission can be carefully controlled to create lasers with nontrivial pulse fronts.
In the case of energy momentum conservation being met and the detuning being ideal to
provide excitonic fractions which support ongoing scattering towards the bottom of the polariton
branch. there are competing scattering mechanisms both pushing towards a coherent condensate
at k = 0 and a pull towards decoherence. The driving force for polaritons condensing into a
condensate at k = 0 is based on thermodynamics. Since the polaritons are bosons, the energy of
the system is minimized when they all occupy the same state as governed by a Bose Einstein
distribution. This macroscopic occupation is accomplished via bosonic scattering, which
describes the probability of a boson scattering into a state as being proportional to the number of
bosons already occupying this state. The rate of scattering into an occupied bosonic final state is
given by102:
𝑑𝑁𝑓𝑖𝑛𝑎𝑙
𝑑𝑡

∝ (1 + 𝑁𝑓𝑖𝑛𝑎𝑙 )𝑁𝑝𝑢𝑚𝑝

Equation 4.2.2

Where Nfinal is the number of polaritons in the final state and Npump are the number of polaritons
in the pump bath. From a microscopic picture, this can be understood simply as wave
interference; it is more energetically favorable for waves to constructively interfere than to
destructively interfere. This leads to not only the buildup of polaritons into the lowest energy
state but also to the buildup of a coherent phase within the condensate.
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Figure 33: Panels which show the excitonic fraction as determined via the Hopfield
coefficients for various detunings -0 meV (a), -2 meV (b), -10 meV (c), and +3 meV (d).
Excitonic fraction is given by the opacity of the branch. The excitonic fraction is
proportional to the scattering cross-section for the polariton as the polariton-polariton and
polariton-phonon interactions are mediated via the excitonic fraction.

There are several mechanisms which can destroy the coherence of the system, including
polariton scattering with defects in the material, polariton phonon scattering, and population
decay. It is worth noting that, from a simple consideration, there should be a suppression
polariton-polariton scattering due to energy momentum conservation. In a high-quality material,
where defect scattering should be relatively low, phonon scattering and population decay the
predominant decoherence mechanisms. As mentioned above, the population of dark polaritons in
the excitonic reservoir interacts with the polaritons and leads to shifts in the emission energy. As
this reservoir population decreases, the polariton energy will shift back. These changes in energy
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can limit the temporal coherence of the system. The phonon scattering can depopulate the
condensate; however, as discussed above, the probability of scattering back into condensate is
increased by the number of polaritons in the condensate.
For the previous polariton dispersion pictured and discussed, as shown in figure 27, 28, &
33, it is assumed that the exciton and photon dispersions are isotropic. In that case, the onedimensional behavior is representative of the behavior around k-space. The full two-dimensional

Figure 34 The two-dimensional polariton dispersion. The upper polariton branch is
shown in blue and the lower polariton branch in red. Contours taken along each axis are
projected onto the orthogonal planes. Darker colors correspond to contours further from the
center of k-space, kx, ky.

real k-space (excluding linewidth) is calculated in Figure 34. The upper polariton surface is
shown in blue and the lower polariton surface in red. The contours along each axis are projected
onto the orthogonal plane, shown for convenience, where again the blue and red curves
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correspond to the upper and lower polariton dispersion, respectively. Darker curves indicate
contours further from center of k-space (kx,,ky=0 ). While energetic polariton-polariton scattering
can be suppressed by energy momentum conservation, isoenergetic parametric polariton
scattering is not forbidden. This means that polaritons can parametrically scatter around the
isotropic k-space.
From this principle it is evident that anisotropic systems can help to restrict the scattering
around k-space by reducing the energy momentum conservation. There are two techniques for
producing anisotropic polaritons systems. The first is to create an anisotropic photonic system
and the second is to use an anisotropic excitonic material. In either case, the anisotropic

Figure 35: Contour plot of lower (red) and upper (blue) polariton
branches for an isotropic system. The contours are equally spaced in energy
and the symmetry around the two-dimensional k-space facilitate parametric
scattering of polaritons radially around an isoenergy surface.
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properties of the singular component will be incorporated to the end properties of the system. In
the case of an anisotropic excitonic material, the refractive index will be different along different
crystal axes. This will give the photonic mode of the cavity different curvatures along each
crystal axes, thus distorting the dispersion, pictured in Figure 34 & Figure 35. An example of the
resulting distortion, pictured in Figure 36, shows that the curvature along ky is steeper than kx. As
can be seen from the spacing of the contours in Figure 35 vs Figure 36, the energy and
momentum conservation will be considerably more difficult. However, if the linewidths of the
system are broader than the energetic discrepancies than the anisotropic effects will be
suppressed.

Figure 36 Contour plot of lower (red) and upper (blue)
polariton branches for an anisotropic system. The contours are equally
spaced in energy and the asymmetry around the two-dimensional kspace suppresses parametric scattering of polaritons radially around an
isoenergy surface.
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4.3 Angle Resolved Microscopy
Given most of the dynamics of polaritonics are determined by, or dependent on, the
wavevector of the polaritons, it is necessary to conduct angle resolved spectroscopy in the study
of polaritons. Thankfully, all the angular information is inherently collected in microscopy and
with proper care can easily be retrieved. Microscopes can conceptually be reduced to relatively
few optical components. An objective and a tube lens are the key components in constructing a
microscope system. The role of the objective is to collect all the light from the sample and

Figure 37: An illustration of the maximum angles emitted or collected by an objective.
Emission from the sample which occurs at angles which will not be collected by the objective
have been excluded for clarity.

produce a collimated beam emerging from the back of the objective. As focusing elements,
objectives collect light from many angles. The numerical aperture describes the angles at which
an objective accepts or emits light as defined by:
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𝑁𝐴 = 𝑛 𝑠𝑖𝑛 (𝜃 )

Equation 4.3.1

where θ is the maximum angle of light emitted towards the objective that can be collected as
measured relative to the surface normal and n is the refractive index. The angular acceptance is
given by Equation 4.3.2. where D is the diameter of the entrance pupil and f is the focal length of
the objective.
𝐷

𝜃 = arctan ( )

Equation 4.3.2

2𝑓

Each objective is paired with a tube lens intended to act as a focusing element to image
the field of view of the objective at an effective focal length, which is generally set as a standard
by the manufacturer (180 mm for Olympus and 165 mm for Zeiss). The behavior of a lens is to
Fourier transform the input, in fact, lenses are known as the fastest Fourier transform in the
world as their speed is limited only by the speed of light. Therefore, the relation between light
emitted from the image plane will be transformed into the Fourier plane such that rays which are
emitted at the same angle will coalesce at the same wavevector. As described by the twodimensional spatial Fourier transform:
∞

𝐹𝑇 [𝑔(𝑥, 𝑦)] = ∬−∞ 𝑔(𝑥, 𝑦)𝑒 −𝑖2𝜋(𝑓𝑥𝑥+𝑓𝑦𝑦) 𝑑𝑥𝑑𝑦

Equation 4.3.3

By placing a spatial filter in the Fourier plane, all of the emission with the same in plane
wavevectors may be selected. The light selected by the filter is recollimated on the other side and
telescoped in order to shrink the beam down to the appropriate size for the spectrometer. The
Fourier filter can be scanned in one or two dimensions depending on the number of stages used.
An experimental diagram is presented in Figure 38. In the acquisition of data, the pin hole is
moved to the appropriate place in the Fourier plane and then the light which transmits through is
sent into the spectrometer to be recorded on a CCD camera. At each point of the Fourier plane, a
full spectrum is measured over the region of interest. These spectra are stitched together to
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recreate a frequency resolved Fourier plane and create the images typically displayed within
manuscripts analyzing polaritons.

Figure 38: Illustration of two-dimensional Fourier imaging setup. The lens Fourier
transforms the light from the image plane (located -focal length) to the Fourier plane (located +
focal length). In the Fourier plane, rays which are parallel to each other are focused to the
same point. A motorized spatial filter is used to select light with a given k to pass through the
remaining optical elements into the detector.

4.4 Angle Resolved Spectroscopy on Lead Halide Perovskites
Due to the challenge of fabricating microcavities on top of perovskite, from the high
temperatures required for most deposition techniques to the difficulties of controlling the
thickness for cavities made using the polymer sandwich method, it would be advantageous to
directly grow perovskites within an already constructed cavity (see section on fabrication
techniques 4.1). This technique results in a broad variety of morphologies. The pump fluence
dependence, shown in Figure 39, highlights the nonlinear growth in the transition to coherent
emission. As discussed in section 3.3, evidence of polaritons would be provided by seeing two
distinct threshold behaviors. There is only one clear single threshold from the integrated
emission intensity. This threshold appears to be very reproducible from sample to sample, to
within the excitation laser fluctuations.
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Figure 39: Power dependent emission from CsPbBr3 solution grown in a
microcavity system. A clear lasing threshold is present around 0.6 mw, as marked
by the transition from linear to superliner integrated intensity growth on the loglog scale. The transition is complete around 1.0 mw where the system enters the
saturation regime and the slope returns to linear.

In order to evaluate the strength of light matter coupling, it is important to compare the
angle-resolved emission from below and above the threshold. Figure 40 shows the angleresolved photoluminescence from below the threshold, in the superlinear growth region, and in
the saturation region. In all three cases, the first Bragg mode of the system can be resolved at
high angles. In the saturation regime, the spectrum appears complicated. These solutions have
been explored in cylindrical and cubic mesas as an analogy to the particle in a box problem.
Polaritons in a box are similar to the solutions in quantum dot systems where spatial confinement
of excitons at their length scale provides particle in a box type solutions for their energies. Due to
the much lower mass of polaritons relative to excitons, their confinement is easy on the micron
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Figure 40: Angle resolved photoluminescence at three different excitation powers: 0.6
mw (a), 1.0 mw (b), and 1.5 mw (c). All three displayed in logarithmic intensity scale and
depict the Bragg mode as the broad near vertical lines on the edge of the detection region. A
vague intensity corresponding to the cavity mode can be seen in panel a as well as a sharp
emission located around k=0, despite this being below the lasing threshold. The first lasing
modes appear in panel b, near the beginning of the saturation region which probably
correspond to stimulated emission. Panel c is far above the lasing threshold and contains
complicated fine structure with multiple nodal points. The emission resembles that expected
from confined photonic structure.

scale103. However, previous studies on the spatial confinement of polaritons have utilized
fabricated mesa structures with well-defined geometry104. The capillary liquid growth technique
used here to grow perovskite within a preassembled cavity has resulted in random geometries.
The chaotic geometries lack the symmetry required to analytically solve for the particle in a box
solutions. Despite the lack of a simple analytical solution, the result highlights the versatility of
94

solution processable lead halide perovskites to create nontrivial geometries. At this stage, it is
unclear whether the data resulted from stimulated emission from an electron hole plasma or from
exciton polariton lasing. In the case of stimulated emission, these results demonstrate the ability
to create nontrivial pulse fronts natively. The spatial confinement of the photon results in
features in the Fourier plane of the emission. Technologically, this angular emission pattern
could be useful in the design of on chip photonics. The geometry of the gain material in the
cavity will result in different emission angles or patterns for different wavelengths, resulting in
different coupling efficiencies from the microcavity into other photonic structures.
If the emission is polaritonic, the confinement drastically changes the energy momentum
conservation conditions required for polariton scattering. The confinement in real space broadens
the features in momentum space, making energy momentum conservation easier and increasing
the scattering between states. This reveals the power that geometry has as a tool to control the
scattering dynamics. In the case of resonant pumping, the spatial confinement can also result in
new parametric scattering events enabling new nonlinear results.
In order to determine whether the emission is from the weak or strong coupling regime,
there are several experiments which should be performed. First is to repeat the power series with
a filter in the Fourier plane. As evident from the power series and the angle resolved emission,
there are features which are only resolvable in the angle resolved spectra which are drowned out
at low powers by the bright Bragg peak emission. Thus, by looking at the power dependence of
the emission only from k=0, the signal to noise of the relevant emission will increase drastically.
Ideally in this collection scheme there would be two clear thresholds, one making the transition
to stimulated scattering and polariton condensations, while the other would make the transition to
stimulated emission. Assuming there are indeed two thresholds, the characterization of the

95

spontaneous polarization would help to confirm the presence of polariton condensation. Upon
polariton condensation, the light emitted from the microcavity will become linear. In the absence
of a strong anisotropy, the polarization will be random. As a result, experiments utilizing a
detector significantly slower than the laser will not be able to resolve this polarization. As
proposed in by Baumberg and coauthors105, a streak camera or pair of PMTs could accomplish
this. As an alternative, the scheme described below will be able to resolve this polarization as
well by comparing the measured photon correlations between parallel versus cross polarized
light. Photon correlations, also referred to as the second-order coherence, is described by
Equation 4.4.1.
𝑔(2) (𝜏) =

〈𝐼(𝑡)𝐼(𝑡+𝜏)〉

Equation 4.4.1

〈𝐼(𝑡)〉2

where I(t) is the intensity measured at some time t and I(t+τ) is the intensity at a time which is
offset temporally by τ. As a note, when τ is equal to zero, g(2) describes the probably of detecting
two photons at the same time. For coherent light, the emission of photons is random as described
by a Poissonian distribution resulting in a g (2) = 1. Thermal emission is considered the alternative
to coherent emission and is expected to have a g (2) =2.
A modified version of the Hanbury Brown and Twiss interferometry can provide this
single-shot measurement of photon polarization. Figure 41 shows the theoretical results for the
emission from a polariton condensate which spontaneously orients to a random linear
polarization. The simulation assumes a Poissonian distribution for temporal distribution of
photons from the condensate and assumes a random linear polarization. Figure 41.a shows the
emission polarization plotted in polar coordinates, with the radial offset representing at what time
the photons were emitted relative to photoexcitation at t=0. The distribution of polarizations
around the expectation value is modelled as a gaussian with a random full-width half maximum
96

(FWHM). The varying FWHM describes different degrees of polarization for the condensate
with blue being linearly polarized, red being virtually unpolarized, and with yellow and green
having moderate levels of polarization. A nonpolarizing beam-splitter randomly splits the signal
between two detectors with equal probabilities.
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Figure 41: Simulation of photon correlations for a polariton condensate. Panel a
shows the randomly generated polarizations for four different degrees of polarization, the
distance from the center indicates the time the photon was emitted measured in picoseconds.
The temporal distribution is given by a Poissonion distribution, and the polarization
distribution given by a gaussian with a random full-width half maximum. Panels b and c
show the intensity for two different avalanche photo-diode detectors located on different
arms of a 50:50 beam splitter. Detector 1 includes a vertically aligned polarizer detector 2
includes a horizontally aligned polarizer which modulates the intensity of the signal at the
detectors. The correlation of the signal from the two detectors is shown in figure d, is it
would be produced from a photon correlator. If the polarizer used for detector 2 is rotated
parallel to that of detector 1, then the resulting correlation is shown in panel e. Finally, panel
f is the ration of the signal from the first configuration with cross polarized detectors with
that of the second configuration where the detectors select the same polarization.
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Detector 1 (Figure 41.b) is configured with a vertical polarizer and detector 2 (Figure 41.c) with
a horizontal polarizer. The correlation time between to observed photons is measured via two
APDs, configured with a photon correlator in absence of an external trigger, the first APD
registers the beginning of collection and the second triggers the end. When the system is
configured with each detector measuring orthogonal polarizations, polarized signals will have
lower correlation intensity than uncorrelated signals, correlations shown in Figure 41.d. Due to
the intensity in this experiment being dependent on the number of photons measured, the
correlations of orthogonally polarized photons may be difficult to interpret. In order to rectify
this, the experiment should be repeated with the polarizers for each detector aligned parallel to
each other. The correlations from this experiment are displayed in Figure 41.e. In order to
determine the relative magnitude of the correlations for one configuration versus the other, the
ratios of the intensities can be compared numerically. The histogram of the ratio of intensities is
plotted in Figure 41.f. For the four scenarios simulated here, the results highlight several trends.
First, for highly polarized light aligned directly to one of the polarizers, the ratio will either be
very small, or if the blue signal had been aligned to the other polarizer, the signal would’ve been
much larger than the scale included along the x-axis. If the highly polarized response had been
aligned exactly between the two polarizers, the signal should have been very tightly bunched
around 2. The yellow signal depicts a similar case where the polarization is slightly tilted
towards the horizontal polarizer. For unpolarized or loosely polarized signal (red and green), the
ratio should be approximately 1. Additionally, since the relative intensity between each
experiment is approximately constant, the histograms should all have approximately similar
areas. This allows the width to be fit to gaussian or Lorentzian distributions where the width is
inversely proportional to degree of polarization. These simulations assume that the parameters
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governing the degree or polarization do not change over the course of the experiment. This is not
true; therefore, this analysis should be repeated for varying time windows. Also, this simulation
assumes that every photon from a single experiment can be counted. The detectors only measure
a single photon each for an individual experiment, defined by the emission following from a
single excitation pulse. As such, the measured result will be slightly more complicated than the
relationships depicted in Figure 41, which defines the relationships between the two photons
measured within a single experiment. Given the laser repetition rate is much faster than the
detector response time, multiple laser pulses can be recorded within the collection window. This
allows for the comparison of two photons detected during the same experiment vs two photons
detected during different experiments, which should have no polarized relationship to each other,
thus providing a reference for the relative number of photos emitted.
A nice final test of whether the emission is from the strong or weak coupling regime is to
do spatially resolved photoluminescence, which can be done with minor modification to a
Fourier imaging set up or with a galvo mirror system. In this experiment, an axicon lens should
be used to shape the pulse front into a ring. In the case of weak coupling, stimulated emission
should cause the emission pattern to correspond to where the carrier density is the highest, thus
the emission should be a ring in the image plane. In the strong coupling limit, based on the
repulsive nature of polaritons106, the potential energy will be lowest at the center of the ring, thus
condensation should occur at the center of the ring. A similar experiment to this has been
conducted in a GaAs quantum well cavity where the authors showed polariton condensation
within a two-dimensional optical trap 107.
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4.5 Pseudospin in perovskite microcavities
Two-dimensional lead halide perovskites have several advantages over bulk three
dimensional perovskites, namely that they have significantly higher excitonic binding energies.
Theoretically, larger exciton binding energies should enable exciton-polariton condensation at
higher temperatures and shorten the condensate formation time while also extending the
polariton coherence time. As an added advantage, they can be easily exfoliated, enabling an extra
level of control over sample thickness, which is useful in the engineering of microcavity
systems.
The cavity consists of 2D n =1 perovskite sandwiched between two DBRs with a
polymer layer spacer. The resulting angle resolved PL is shown in Figure 42. The angle
integrated PL shown in Figure 42.b shows several peaks with tails on the high energy side as
well as a sharp drop off on the low energy side. These peaks are well understood when examined
in the angle resolved emission. The parabolic shape of the photonic modes is what gives rise to
the high energy tail in the integrated intensity plot. The numerous peaks indicate that the cavity
thickness is approximately 12 lambda (6.5 microns). While typically the goal of cavity
construction is to produce a ½ lambda cavity to ensure that there is only a single optical mode,
there are interesting features that can be observed by examining thicker cavities. Specifically, the
curvature of the optical modes decreases as the modes increase in energy, meaning the slope at
any non-zero wavevector of the lower energy modes is much greater than that of the higher
energy modes. This is expected given the changing refractive index of the system; as the modes
get closer to the bandgap, the refractive index increases leading to a decrease in the curvature.
From simulating the cavity modes using a transfer matrix method, it is clear that the peak
positions and number of peaks agrees well with the parameters of the system, with the exception
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of the observed mode splitting, which is obvious at higher angles in the system. From this figure
it is difficult to determine what causes this splitting in the material. It is, however, most likely
that this splitting is due to a broken degeneracy between the TE and TM modes of the system,
resulting in two different optical modes. The amorphous emission beginning around 600 nm is
characteristic of the broadband photoluminescence from the deposited silicon nitride layer
deposited in the Columbia cleanroom which is coupling to the Bragg modes. This is a welldocumented effect for low purity silicon nitride108.

Figure 42: Angle-resolved photoluminescence for 2D perovskite n=1 (a).
Photoluminescence integrated across all collection angles (b). Modeled cavity transmission
for a 6.5 micron DBR cavity (c).

The cavity in Figure 43 is thinner than the previous one, but the splitting can clearly be
resolved for all the modes. It is worth noting that due to the increased curvature of lower energy
modes, which are further from the bandgap, the splitting is more pronounced. In both figures the
emission intensity is centered around 580 nm, indicating that trap emission may be dominating
the emission at this carrier density.
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Figure 43: Angle-resolved photoluminescence for 2D perovskite in a DBR cavity (c).
Close up on negative angles highlighting the splitting between cavity modes (a) and spectra
cuts vertically offset showing the splitting from panels a and c, (b).

Even in the case of TE/TM splitting, one would expect the k=0 energy of the modes to be
nondegenerate. In Figure 43 the splitting is only observable at high k, so to further understand the
optical properties of the system it is more useful to look at the full Fourier emission instead of a
one-dimensional slice through the Fourier emission. This is achievable with relatively few
changes in the experimental configuration, specifically with the addition of a second translation
stage perpendicular to the existing stage and to the light emission. Unfortunately, during the onedimensional data collection, the sample suffered some photoinduced degradation as evident by
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the difference in intensity from the negative angles (which were collected first) and the positive
angles (which were collected later).
From data reported in literature109 which shows the full Fourier image illustrating two
photonic rings that appear offset from one another. The one-dimensional Fourier image in Figure
42 & Figure 43 can be reproduced from a slice through the two-dimensional Fourier image from
off center, indicating that the behavior observed is the result of the Fourier filter being offset
from center in the scan. Despite the authors having measured the Stokes vector and twodimensional Fourier image, they compare the behavior to well-known Hamiltonians without
offering an explanation or significant interpretation of the physics leading to their observed
effects.
While the material is known for being anisotropic 110, this effect can arise from the
configuration of the microcavity. It has been shown in III-V semiconductor microcavities that if
the system is not symmetric then the cavity mode will not sit in the middle of the stopgap. When
the cavity mode is offset from the center of the stopgap, then the near degeneracy of the TE and
TM modes is destroyed due to their different penetration depths. The 2D perovskite
microcavities consists of both a commercial DBR and one fabricated in the Columbia cleanroom,
ensuring that the TE and TM modes are nondegenerate. However, the documented splitting in
these configurations are tenths of meV. The effect in this system either arises from the anisotropy
in the material or from the strength of light matter coupling in perovskite leads to larger splitting
than what has been observed in III - V.
The origin of this splitting is analyzed numerically by Panzarini and Andreani 111. They
evaluated the propagation of TE and TM polarized light within a dielectric mirror. Their result
showed that with increasing θ, as measured from the surface normal, the penetration depth
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increases for TM polarized light and decreases for TE polarized light 111. For an empty cavity, the
resonant cavity frequency, ωc, is given by:
𝜔𝑐 =

𝑚𝜋𝑐

Equation 4.5.1

𝑛𝑐 𝐿𝑐 𝑐𝑜𝑠𝜃𝑐

where m is an integer representing the number of half wavelengths contained in the cavity
region, L is the length of the spacer between the two DBRs, c is the speed of light, and θ is the
angle of propagation measured relative to the surface normal, and ωs is defined as the frequency
at the center of the stopband. If these two frequencies are the same, then the cavity mode
frequency is independent of polarization. However, in the instance that the cavity frequency is
different from the center stopband frequency, the TE and TM mode cease to be degenerate,
which is the case if the DBRs on each side of the cavity are asymmetrical. The splitting is
dependent on angle and the energy of each polarization is given by 111:
𝜔𝑠𝑇𝐸 (𝜃 ) =
𝜔𝑠𝑇𝑀 (𝜃 ) =

𝜋𝑐

𝑛1𝑐𝑜𝑠𝜃1+𝑛2𝑐𝑜𝑠𝜃2

2(𝑎+𝑏) 𝑛1𝑛2𝑐𝑜𝑠𝜃1𝑐𝑜𝑠𝜃2
𝜋𝑐

𝑛1𝑐𝑜𝑠𝜃1+𝑛2𝑐𝑜𝑠𝜃2

2 𝑛1𝑛2(a cos2 𝜃1 cos2 𝜃2 )

Equation 4.5.2
Equation 4.5.3

where n1 is the refractive index of the first layer and n2 is the refractive index of the second layer,
a is the thickness of the first layer and b is the thickness of the second layer, and θ1 is the angle of
propagation through the first layer, and θ2 is the angle of propagation through the second layer.
Furthermore, the coupling strength between the TE and TM modes with the active layer will be
different. The ratio of the coupling strengths is:
𝑉 𝑇𝑀 (𝜃)
𝑉 𝑇𝐸(𝜃)

𝐿𝑇𝐸
𝑒𝑓𝑓 (𝜃)

=√

𝐿𝑇𝑀
𝑒𝑓𝑓 (𝜃)

cos 𝜃𝑐

Equation 4.5.4

where L represents the effective penetration depth for each polarization in the DBR. Analytic
equation for L can be found in reference 111. Regardless of whether this splitting is caused by
optical effects or via anisotropy in the material, or a combination of both, the splitting in optical
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modes induces a pseudospin for propagating polaritons 112. This phenomenon is the optical spin
Hall effect113, which exerts an effective magnetic field on the system. The pseudospin
experienced by the polaritons breaks time reversal symmetry and, therefore, should suppress
scattering in the system. However, the extent to which scattering is suppressed has yet to be
measured, despite being the primary interest.
Given that the polarization of the emitted light is expected to precess around the
Poincare` sphere, the determination of the suppression of scattering needs to be done in a time
resolved fashion. It has been demonstrated that the polarization in nonresonant circular
polarization pumping is partially conserved, even though the phase of the excitation is lost114 . As
such, a circular polarization pump can induce a polariton state with a collective spin and looking
at the decay of this polarization, will quantify the extent to which the pseudo-spin protects
polaritons from scattering. This measurement can be achieved via polarization resolved
coincidence measurements as discussed above, but with added waveplates into the optical path of
each detector, allowing each detector to measure the Stokes vector.
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Conclusion
Lead-halide perovskites are can be utilized in both the strong and weak coupling regime.
The nanocrystal lasers represent the weak coupling regime where the underlying mechanism is
stimulated emission from an electron hole plasma coupled with plasmon scattering. Conversely,
perovskite microcavity systems represent the strong coupling regime. Although the underlying
mechanism for light emission in perovskite microcavities remains a subject of further
investigation, there is substantial evidence that there exists a regime at which the emission is
polaritonic in certain systems. Many factors which are provided as evidence for strong coupling
and polariton condensation are also characteristic of stimulated emission as discussed in Chapter
3. As a result, Chapter 4 discusses some of the most recent results on perovskite microcavities in
connection with the techniques used to study them and includes recommendations of
experiments that would definitively demonstrate polariton condensation. Although the
mechanistic picture of perovskite microcavities remains controversial, the results demonstrating
spatial confinement of the photonic structure and splitting of TE and TM offer exciting avenues
for modulating the coherence of polaritons in these systems. If realized, these results would
expand the role of perovskites as quantum light sources.
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Appendix A
Time-resolved photoluminescence
All PL measurements, both static and time-resolved, were performed at a sample
temperature of 80 K on sapphire substrates mounted to the copper cold head with silver paste in a
cryostat (Cryo Industries of America, RC102-CFM Microscopy Cryostat with LakeShore 325
Temperature Controller). The cryostat was operated at pressures <10−7 mbar (pumped by a
Varian turbo pump) and cooled with flow through liquid nitrogen. The second harmonic of a
Clark-MXR Impulse laser (repetition rate of 0.5 MHz, 250 fs pulses, 1040 nm) was used to pump
a home-built non-collinear optical parametric amplifier to generate 800 nm pulses (~60 fs) which
was used to generate 400 nm pulses via second harmonic generation. The beam size is expanded
to ensure illumination across the entire NW and focused onto the sample using a far-field
epifluorescence microscope (Olympus, IX73 inverted microscope) equipped with a ×40
objective with NA 0.6, with correction collar (Olympus LUCPLFLN40X) and a 490 nm longpass dichroic mirror (Thorlabs, DMPL490R). The emission spectra for both static and timeresolved measurements were collected with a liquid nitrogen cooled CCD (Princeton
Instruments, PyLoN 400B) coupled to a spectrograph (Princeton Instruments, Acton SP 2300i)
with 1200 mm−1 grating blazed at 300 nm. We used the Lightfield software suite (Princeton
Instruments) and LabVIEW (National Instruments) in data collection. Data analysis was done in
Igor Pro (WaveMetrics).
To time resolve the emission from the NWs, we used a Kerr gating technique. The
emission from the NW was passed through a linear polarizer then focused into a cuvette of liquid
CS2 noncollinear with a gating pulse supplied by the fundamental of the Clark-MXR Impulse
(0.5 MHz, 250 fs pulse width, 1040 nm). As a result of the optical Kerr effect induced within
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liquid CS2 by the gating pulse, an elliptical polarization is generated which is then passed
through a second linear polarizer (identical to the first) rotated to be cross-polarized from the
initial polarization. The projection of the lasing signal through the second polarizer was then
passed into the same spectrometer and camera as used in the static experiment. A homebuilt
LabView program was used for data acquisition.

Transient reflectance
Transient Reflectance measurements were done on a homebuilt transient reflectance
setup, pumped by Ti:Sapphire amplifier (KM Labs, Wyvern 1000-50 operating at 10 kHz). A
high-speed linear array detector (AVIIVA EM4, EV71YEM4CL1014-BA9, e2v) was used in
conjunction with LabView for data acquisition.

Atomic force microscopy
A Bruker Dimension FastScan AFM in ambient conditions was used for all atomic force
microscopy measurements. In COMSOL FEM simulations, we searched for modes at 2.408 eV
(525 nm) using experimental geometry from AFM. As comparisons, we carried out simulations
for equilateral triangle cross-sections with large lateral dimensions (see Figure 23 and Figure 24).

Dry Transfer Method
Sample preparation for solution grown nanowires used the dry transfer method to
dislodge nanowires and nanoplates, which grow densely packed on a glass substrate, onto a
sapphire substrate where they are then sparse enough to perform experiments on a single crystal.
The glass is inverted and placed sample side down against the sapphire substrate. Several
vigorous taps are applied to the backside of the glass substrate, using the backside of a pair of
tweezers. The glass substate is then removed and the sapphire examined under a microscope to
ensure sufficient transfer of samples. If the transfer did not result in a sufficient quantity of
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usable samples then the process is repeated. Due to the volatile nature of perovskite and the
desire to maintain the highest quality samples possible, the process was generally conducted in
an inert atmosphere glove box before transferring the sapphire substrate into a gas tight cell or
cryostat.

Angle resolved reflectance
The angle resolved reflectance was carried out using the same Olympus, IX73 inverted
microscope. An Olympus UPLFLN 60X Objective was used to maximize the numerical aperture
and working distance in order to use a Cryo Industries of America, RC102-CFM Microscopy
Cryostat with LakeShore 325 Temperature Controller to cool the sample. Two tube lenses (TTL
180A, purchased from Thorlabs) were used to image the light after the microscope, and to
Fourier transform the image from the first lens into the Fourier plane. A pinhole was mounted to
two motorized Newport stages mounted orthogonal to each other and positioned in the Fourier
plane. A short focal length lens (f = 50mm) was used to collimate the light after the pinhole
which was directed into a liquid nitrogen cooled CCD (Princeton Instruments, PyLoN 400B)
coupled to a spectrograph (Princeton Instruments, Acton SP 2300i). The stages were controlled,
and data acquired using a custom lab view program written by A.P.S. (myself). The data
processing was done in Igor Pro using custom routines written by A.P.S..

Illustrations
The illustrations contained within this document were rendered using Blender, the free
and open source 3D creation suite maintained by the Blender Foundation.

Data processing and modeling
For data processing and modeling, the Igor Pro and Python code was original and is available by
request.
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Sections: Time-resolved photoluminescence, transient reflectance, and atomic force microscopy
contained within this chapter are an adaptation from: Schlaus, A. P.; Spencer, M. S.; Miyata, K.;
Liu, F.; Wang, X.; Datta, I.; Lipson, M.; Pan, A.; Zhu, X.-Y. How Lasing Happens in CsPbBr3
Perovskite Nanowires. Nat. Commun. 2019, Springer Nature Limited.
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Appendix B
My contribution as the primary author of Schlaus, A. P.; Spencer, M. S.; Miyata, K.; Liu,
F.; Wang, X.; Datta, I.; Lipson, M.; Pan, A.; Zhu, X.-Y. How Lasing Happens in CsPbBr3
Perovskite Nanowires. Nat. Commun. 2019, 10 (1), 265. https://doi.org/10.1038/s41467-01807972-7. was to lead the experimental design, execution, and interpretation. This process was
conducted in partnership with M.S.S. and X.-Y.Z.. A.P.S. and M.S.S. performed time-resolved
PL measurements. K.M. constructed the transient reflectance measurements with experimental
help from F.L. X.W. synthesized the nanowires and A.P. supervised the synthesis. M.S.S.
performed electromagnetic wave modeling with help from I.D. and M.L. A.P.S. and M.S.S.
analyzed the data. A.P.S., M.S.S. and X.-Y.Z. wrote the manuscript. All authors read and
commented on the manuscript.
For the manuscript Schlaus, A. P.; Spencer, M. S.; Zhu, X. Y. Light-Matter Interaction
and Lasing in Lead Halide Perovskites. Acc. Chem. Res. 2019, 52 (10), 2950–2959.
https://doi.org/10.1021/acs.accounts.9b00382. I and M.S.S. contributed equally. I lead the
writing on perovskite nanowire lasers, and M.S.S lead the writing on sections pertaining to
modeling. We, including X.-Y.Z., each engaged in review, discussion, and development of all
the sections.
M.S.S developed the transfer matrix code and thermodynamic modeling used in the
aforementioned manuscripts.
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