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Abstract

Solution processed semiconductors are in demand for present and next-generation optoelectronic
technologies ranging from displays to quantum light sources because of their scalability and ease of
integration into devices with diverse form factors. One of the central requirements for semiconductors
used in these applications is a narrow photoluminescence (PL) linewidth. Narrow emission linewidths are
needed to ensure both color and single-photon purity, raising the question of what design rules are needed
to obtain narrow emission from semiconductors made in solution. In this review we first examine the
requirements for colloidal emitters for a variety of applications including light-emitting diodes,
photodetectors, lasers, and quantum information science. Next, we will delve into the sources of spectral
broadening, including “homogeneous” broadening from dynamical broadening mechanisms in single-
particle spectra, heterogeneous broadening from static structural differences in ensemble spectra, and
spectral diffusion. Then, we compare the current state of the art in terms of emission linewidth for a
variety of colloidal materials including I1-VI quantum dots (QDs) and nanoplatelets, 111-V QDs, alloyed
QDs, metal-halide perovskites including nanocrystals and 2D structures, doped nanocrystals, and, finally,
as a point of comparison, organic molecules. We end with some conclusions and connections, including
an outline of promising paths forward.
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1. Introduction
Luminescent materials that can be made and processed in the solution phase are in demand for a range of
present and next-generation optoelectronic technologies because of their scalability and ease of integration
into devices with diverse form factors. Among these, colloidal semiconductors — i.e., dispersions made in
solution of nanocrystals of the same inorganic materials that are semiconductors in the bulk — stand out as



effective and proven solutions in many applications (Figure 1). We should note that the terms colloidal
semiconductors, nanocrystal (or nanoparticle), and quantum dot (QD) have different origins and different
connotations for different communities. However, in today's literature they have become practically
synonymous and are generally used interchangeably. Rather than fight what has become almost colloquial
usage for these terms, we too will use them interchangeably throughout this Review. This is distinct from
semiconductors grown in solution which may not necessarily form stable colloids of the final material. In
this review we will discuss both colloidal semiconductor nanocrystals and emerging semiconductor
materials which can be grown in solution. Over the past 40 years, colloidal semiconductors have been used
in a range of optoelectronic technologies, including light-emitting diodes (LEDs),*? solar cells,3*
photodiodes,®> photoconductors,®” and field-effect transistors,® as well as for in vivo and in vitro imaging
and sensing.®1° Some early commercial applications of emissive colloidal semiconductors were as remote
phosphors for the backlighting of liquid-crystal and LED displays'**® and visible and near-infrared optical
downconverters for inorganic and organic solid-state lighting sources.>** While these applications are
expected to continue to grow and develop in the coming years, new technology opportunities are on the
horizon. These include electrically driven LEDs and lasers,>!>% and single-photon sources for optical
quantum information platforms and related quantum technologies.*416-1°
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Figure 1. Present and potential future applications of luminescent solution processed semiconductors.

All of these applications require narrow photoluminescence (PL) linewidths to ensure both color
and single-photon purity, raising the question of how to design narrow-emitting semiconductor materials
that can be made in solution. Early efforts focused on controlling the ensemble-size heterogeneity of
colloidal emitters, but it has become increasing clear that as technologies push us to the limit of requiring
total linewidths limited by the Fourier transform of the purely radiative decay of the single-exciton state,
important sources of broadening come from myriad other sources, including other sources of static
heterogeneous broadening related to composition, surfaces and interfaces, dynamic “homogeneous”
broadening from fine-structure and exciton-phonon interactions that occur for a single dot but can vary
from dot to dot, spectral diffusion, and environmental factors.

In this review we first discuss the requirements for colloidal emitters for a variety of applications
including displays, LEDs, photodetectors, lasers, and quantum information. We then discuss the
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mechanisms that place lower limits on achievable linewidths: “homogeneous" broadening from dynamical
broadening of single-dot spectra, static heterogeneous broadening in ensemble spectra, and spectral
diffusion. We then survey emission linewidths for different material classes: 11-VI QDs and nanoplatelets,
I11-V QDs, alloyed QDs, colloidal metal-halide perovskites including nanocrystals and 2D structures, and
doped nanocrystals. We also briefly survey the linewidths achievable using organic molecules as a point of
reference and critical comparison. Finally, we summarize the previous detailed sections, offer conclusions
and connections, and suggest worthwhile avenues for future work.

2. Requirements for Colloidal Emitters by Application
To motivate this review, we start by exploring the requirements for luminescent semiconductors made in
solution by application. Given our focus on optoelectronics, we will highlight requirements in four primary
technology areas, including displays and LED, photodetectors, lasers, and quantum information.

2.1 - Displays and Light Emitting Diodes

Current light emitting technologies have limitations?® that provide unique opportunities for
improvement across a range of structural (i.e., solution, size, etc.), operational (i.e., stability, brightness,
efficiency), and spectral (i.e., linewidth, spectral purity) parameters.t*142%-23 Colloidal QDs have emerged
over the last 25 years as promising materials for overcoming several of these issues.'* While QDs possess
several desirable properties for emissive applications (high photoluminescence quantum yield (PLQY),
solution processibility, small size, high photo-stability), their tunable emission wavelengths across the
visible spectrum and narrow emission linewidths are fueling the pursuit of QD emitters for next generation,
ultra-high resolution wide color gamut displays.??°

Emissive devices that possess a wide color gamut can represent real objects accurately in terms of
color. Several standards have been introduced to define how a display renders the color spectrum to meet a
benchmark of interest. These standards are quantified on Commission International de 1’Eclairage (CIE)
color space, which graphs the color gamut in terms of the hue and saturation of each emitter.?® The space
within the coordinate triangle defined by a set of red, green, and blue vertices represents the range of human-
visible (trichromat) colors that can be recreated by a given light source (Figure 2).
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Figure 2. CIE chromaticity diagram used to quantify the quality of color for display technologies. In all
cases, three primary colors (red, green, and blue) are mixed to obtain entire color palette. The Rec2020
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color standard is shown in by the pink triangle. This image was reproduced from Wikimedia Commons,
https://commons.wikimedia.org/wiki/File:CIE1931xy gamut _comparison_of SRGB P3 Rec2020.svg.

Relevant gamut standards for this discussion are NTSC (National Television Standard Committee),
Rec.709 for high-definition TV’s and Rec2020 for ultra-high-definition TV’s (UHDTVs). The highest
standard to date, Rec2020, represents the color gamut capable of reproducing the entire range of colors that
human eyes can detect in nature (i.e. the triangle vertices are defined by RGB monochromatic laser light),
and encompasses all other existing gamut standards.3?3%".28 One of the greatest hurdles to overcome in
LED and display technology is the spectral purity required to realize next-generation wide color gamut
displays that meet the Rec2020 ultra-high definition color gamut standard.326-%0

Most current display technology relies on passive PL, that is, it relies on the down-conversion of
high-energy blue light to produce an image. A classic example of this system is an LCD display where a
broadly emitting yellow cerium-doped yttrium aluminum garnet (Ce:YAG) phosphor is pumped by an
InGaN blue LED backlight to generate a visible spectrum. This light is then modulated by a liquid-crystal
and color-filter array to generate an image. Because color gamut coverage is dictated by the hue
(wavelength) and saturation (linewidth) of the red, green, and blue emitters that produce the image, the
broad emission of the Ce:YAG phosphor and requisite color filtering results in subpar color gamut coverage
(~70% NTSC) and decreased operating efficiencies.®
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Figure 3. Diagram showing the development of QD displays from QD enhancement films to color
conversion and beyond to electroluminescent implementations.

The narrow emission linewidths of semiconductor QDs impart a competitive advantage to these
technologies for generating highly color-pure and realistic displays.>?327*° When the traditional Ce:YAG
phosphors in LCD displays are replaced with traditional red and green inorganic phosphors (FWHM ~40-
65 nm), gamut coverage can be increased to ~80% NTSC.?* However, when spectrally-pure QDs are
employed as phosphors in so-called “photo-enhanced” QD-LCDs (Figure 3 top), gamut coverage can be
extended to over 95% of the Rec2020 gamut.?® Tuning the R/G emission to match the color filters (i.e. not
producing light that will be filtered out) also leads to improvements in energy efficiency and brightness
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over traditional LCD displays.?® However, this type of display is transmissive; that is, it relies on filtering
out roughly two-thirds of the transmitted light to generate the image, and as such is inherently less efficient
than their emissive counterparts.?

QDs are also used as color converters (Figure 3 middle) to make photoluminescent LCD displays.
In these systems, a QD film replaces the color filter component of LCD displays. Images are generated via
the modulation of blue light from an LED backlight by the liquid crystal through red and green sub-pixels,
which down-convert the light. This system allows each pixel on the screen to be individually modulated
and produce only the wavelengths generated by the LED and red/green QDs, thus providing a color
saturation advantage over transmissive displays.? The absence of color filters results in an increase in light
throughput- an advantage over the high-loss color filter LCDs. Photoluminescent displays offer numerous
advantages over transmissive displays, such as a wider viewing angle, better contrast, much improved
efficiency, and plug-and-play compatibility with existing LCD and OLED technology.?2°3!

The next frontier of QD display technologies, and indeed the domain where they can truly exhibit
all their advantages is in electroluminescent (EL) QD-LED displays (Figure 3 bottom). Contrary to
downconverting photoluminescent displays, EL displays rely on the direct conversion of electricity to light.
In other words, the all-blue LED backlight is rendered unnecessary, and the display is produced by an
electrically driven circuit of QLEDs containing separate red, green, and blue emitters. The switch to an EL
system requires efficient and balanced charge transport from the electron- and hole-injection layers, as well
as additional characterization metrics that consider the relationship of current density to emission
characteristics, such as quantum efficiency, turn-on voltage, brightness, and lifetime.

Today’s state-of-the-art EL displays are dominated by organic LEDs (OLEDs), which, despite their
successful commercialization for some display applications, particularly in mobile phones and wearable
devices, suffer from some limitations that reduce their desirability as emissive materials. Although organic
molecules can exhibit narrow luminescence linewidths (tens of nm, see Section 4.4), those of materials used
in many commercial OLEDs (FWHM ~ 100 nm) do not currently compete with state-of-the-art inorganic
emitters (FWHM ~ 20-30 nm), and the devices generally exhibit slower response times (ms in OLEDs vs.
ns in QLEDSs) due to lower carrier mobilities, and are more sensitive to operating temperature. Devices
based on conventional fluorescent emitters also suffer from potential inefficiencies stemming from the spin-
statistics of electroluminescence resulting in the formation of non-emissive triplet excited states in 3:1
ratio.?#3%32 However, this challenge has largely been overcome through strategies such as metal-containing
phosphorescent emitters or of organic emitters that, by virtue of small singlet-triplet separations, exhibit
thermally activated delayed fluorescence (TADF).*® Notably however, both of these emitter classes tend to
have relatively broad PL, although a solution to this issue can be obtained by using a blend of emitters,
whereby a TADF EL emitter is capable of singlet energy transfer to a conventional fluorescent molecule
with a narrow emission.

The spectral purity and gamut coverage of QLEDs qualifies them as formidable competitors in
wide color gamut displays and their solution processability, size, and stability impart various advantages in
device engineering/cost, pixel resolution, gamut coverage, and can also offer the possibility of thin, flexible,
and wearable electronics.1421232430.35 Degpite examples of QLEDs outperforming other state-of-the-art
emitters in terms of linewidth and efficiency, issues with their implementation and subsequent performance
in devices serves as a bottleneck to production on an industrial scale.??2 For QLEDs to be a viable
commercial product moving forward, progress on patterning, device engineering, and subsequent
performance is crucial.

Current QLED patterning efforts take advantage of the solution processability of colloidal QDs and
are dominated by inkjet printing, contact and photolithography, and microcontact transfer printing.2429:30:3
Fabrication techniques such as photolithography are compatible with existing production facilities, which
will allow QLED commercialization to benefit from the existing OLED infrastructure.?*2° Additionally,
the resolution requirements of next-generation UHDTYV and augmented/virtual reality displays dictate that
display resolution surpasses the number of pixels that can be resolved by 20/20 vision in humans, which
highlights the importance of efforts towards precise, reproducible patterning techniques that yield high pixel
resolution.®



While surface ligands of colloidal QDs are often selected to optimize their photoluminescent
properties, their direct involvement in the charge injection process of EL devices necessitates careful
consideration of their electronic properties and electrochemical stability as well. The electrochemical
stability of QD cores implies that electrochemical degradation of QDs under device operation stems from
issues at the organic-inorganic interface. Pu et al. addressed this issue by showing that electroluminescent
performance is ligand-dependent for QDs of identical core composition and PL properties.® Red-emitting
CdSe/CdS QDs (PLQY=~90%) exchanged with electrochemically stable amine ligands showed an average
external quantum efficiency (EQE) of 18.6%, internal quantum efficiency (IQE) of ~80%, and half-life
(Tso) of 90,000 h at 100 cd m2, which represents a drastic increase in performance compared to the native
carboxylate-capped QDs (EQE= 0.2%; Tso= ~0.3 h). For blue-emissive CdSeS/ZnSeS/ZnS QDs, peak EQE
increases from ~2% in carboxylate-capped QDs to ~10% in the amine exchanged QDs. Additionally, the
operational lifetime was calculated to be >10,000 h at 100 cd m, which was the most stable blue QLED
reported at the time.® Bridging the gap between photoluminescent and electroluminescent QLED
performance will require modified design rules that also consider the electrochemical resiliency of the
ligand shell.

The most pertinent outstanding issues facing QLED development can be understood by following
the operational principles of the LEDs themselves. Unbalanced charge injection, operational instability,
short device lifetimes, and sub-par performance metrics are all directly related to charge-carrier dynamics,
which are in-turn influenced by QD synthetic outcomes and photophysical properties, the role of interfaces
and core/shell structures, ligand environment, patterning method, and injection layer composition and
electronics. Thus, it is evident that efforts towards bright, stable, and high performance QLEDs for next
generation display technology will require thoughtful and synergistic efforts across each phase of
production, from QD synthesis to final device characterization. From a materials development perspective,
efforts towards narrow-linewidth emitters for QLEDs should not only be mindful of how shelling and
passivation strategies affect photophysical properties, but also how conducive these methods are towards
device integration and electrochemical/ operational stability. For instance, certain ligand environments
might excel at passivating surface trap states that facilitate non-radiative recombination but also inhibit
facile patterning or charge injection when integrated into a device. Notably, these considerations also affect
the performance of QDs in both photodetector and quantum information applications, providing common
chemical themes that unite these seemingly disparate engineering applications, as we discuss below.

2.2 - Photodetectors

The detection of infrared (IR) light, which is based on the conversion of incident photons in the 0.75-12
pum wavelength range to electric signals, encompasses several applications including spectroscopy, medical
diagnosis, night vision, military, astronomy, environmental mapping, and optical communication. Narrow
PL linewidths are not necessarily required for photodetectors, but this property often directly reports on the
ability of the material to also serve as a narrowband absorber. Traditional IR photodetectors using single
crystal IV, 11-VI or 1lI-V semiconductors (HgxCdixTe, silicon, InxGai-xAs, InSh, etc., Figure 4), despite
having high responsivity and detectivity, remain expensive due to material-growth conditions, and show
poor modularity due to their fixed bandgaps dictated by substrate lattice matching requirements. Device
fabrication using these single-crystal materials for many applications, especially for narrowband
photodetection technologies, is limited by high implementation cost from the cryogenic cooling
requirement. Typical device architectures for narrowband photodetection to realize spectral discrimination
combine broadband photo-detecting layers with interference filters, which not only increases the
implementation cost, but also introduces signal loss from transmission. Existing alternative narrowband
photodetection technologies include magnification of absorption in a selected wavelength range by the
plasmonic effect, manipulation of the external quantum efficiency by charge collection narrowing, and the
use of an absorber with a narrow absorption spectrum. For the latter, colloidal QDs, among other material
candidates such as organic semiconductors, have been chosen to develop a new class of photodetectors to
replace the conventional technology. The main advantages of photodetectors using colloidal QDs are: (1)
their spectral tunability from the quantum confinement of these nanocrystals, which promotes filterless
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narrowband photodetection technologies; and (2) their room temperature and low-cost solution-
processability enabling scalable fabrication with a variety of substrates via spin-coating, inkjet printing, or
spray-casting techniques. In addition, the above advantages also enable advanced on-chip manipulations
that may not be possible for traditional wafer technologies. © This includes coupling the QD absorption with
plasmonic structures to increase the absorption of thin layers, producing QD bilayer heterojunctions with
different semiconductors to facilitate the exciton dissociation,*¢ and creations of multi-spectral or full-
color detectors.>*40

To date, PbS and HgTe QDs are the leading materials for detection in the near- and mid-IR regions,
respectively. State-of-the-art solution processed QD photoconductors using the stacked image sensor
technique from these materials have shown performances that overcome classical photodetectors and enable
facile integration to CMOS sensor arrays. However, besides the high toxicities of both Pb and Hg, there are
still several major remaining challenges for QD-based photodetectors. In particular, the response speed of
PbS-based photodetectors is typically significantly slower than that of conventional devices. Most HgTe-
based photodetectors reported to date are single-pixel devices in the mid- and short-IR regions, while
performance in the long-IR region is significantly poorer than that of commercial devices. Compared with
PbS QDs, the emission linewidth and absorption edge in other infrared absorbing QDs are typically less
sharp, indicating a poor QD size distribution that negatively affects the photodetector mobility. Guyot-
Sionnest et al. showed that this effect is larger on the intraband photodetecting properties of HgSe QDs
than the interband properties.*! Investigations that synthetically reduce the nanocrystal size distribution in
order to reduce the dark current by deepening the conductivity gap of these materials could significantly
boost the performance of QD IR photodetectors. Furthermore, the detectivity of colloidal QDs is usually
unstable at high temperature and pressure, hindering their current promise for applications in harsh
environments. Finally, it is also necessary to explore other nontoxic QDs that emit and absorb in the IR
regions and other IR colloidal systems with higher efficiency and sharper absorption edge such as confined
structured nanoplatelets.
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Figure 4. CMOS image sensor versus a QD image sensor in a photodetector.

2.3 - Lasers

Another important application of colloidal materials is in the field of lasing. The span of applications of
lasers is vast. Lasers with a narrow linewidth are in high demand because of their ability to exhibit high
temporal and spatial coherence and low-phase noise, which are important for holography, high-resolution
measurements and detections, laser spectroscopy, and optical communication.*? Since the very first
demonstrations of microdisk lasers based on colloidal nanomaterials,* photonic crystals,** and nanowires,*
nanolasers have been quickly developed.'’#6-4° Lasers from solution-processed materials can be operated
under both electrical and optical pumping. The characteristics that make colloidal QDs excellent candidates
for lasing are their atomic-like electronic states, their large optical oscillator strengths, solution
processability, continuous spectral tunability, and high thermal stability. In addition, QD nanolasers are a



flexible solution that allow for property modifications through heterostructuring, surface chemistry, and
incorporation with ‘functional’ defects.

Exciton-exciton interactions play a crucial role in the optical gain of colloidal QD, as it determines
the likelihood of a QD having a biexciton versus staying in the ground state. To achieve colloidal quantum
dot lasing, biexciton gain can be achieved by increasing the number of excitons per quantum dot to more
than 1 (Figure 5A).*” However, this method leads to complications such as fast nonradiative multicarrier
Auger recombination and high lasing thresholds, which reduce optical-gain lifetimes to tens of picoseconds
and have a significant negative impact on continuous-wave optical and direct-current electric
pumping.*6474® Towards optical gain without the need of biexciton or single-exciton gain (Figure 5B),
more recent developments in engineering the multiexciton nature have shown ways to lower optical-gain
threshold to below one-exciton limit through charging colloidal QDs with electrons or holes,
electrochemically or photochemically, to bleach the ground-state absorption.*®5054 or through facet-
selective epitaxy to prevent thermal depopulation of the valance-band-edge states.“® Alternative ways to
reduce optical gain thresholds include using materials with a large volume of nanocrystal such as
nanoplatelets, which exhibit ultranarrow emission linewidth due to extreme quantum confinement.%5->’

In general, nanocrystal lasing materials are coupled with an external optical cavity structure to
magnify their emission to a narrow spectral range due to the Purcell effect. The QD-cavity coupled system
allows narrowing of the gain linewidth of the active medium, enhancing laser coherence. The linewidth of
the lasing resonance peak in these systems depends on the quality factor (Q) of the corresponding cavity
mode, with narrower linewidths resulting from higher Q and pump intensity.%®
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Figure 5. Diagram showing mechanism to achieve optical gain through (A) biexciton and (B) single-
exciton mechanisms.
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Quantum computation and quantum information science are foundations for future technologies that are
predicted to revolutionize computing, communication, security, and sensing. The current stage of quantum
technology development is focused on physical realizations of scalable platforms that can perform quantum
operations using quantum bits (qubits) with negligible errors and high stability. Among qubit candidates,
photonic qubit systems have advantages based on their ability to operate at room temperature, the
preservation of quantum states of photons due to weak interaction with external environments, and the
potential for use in long-distance optical quantum communication.*® A quantum device using optical qubits
requires a reliable single-photon source that can emit one photon at a time. These single photons must have
a high level of indistinguishability, i.e., photons with identical spectral, temporal, and spatial modes, for
manipulations such as interference and entanglement. Investigations in stable solid-state single-photon
emitters in the past decades have yet to find an ideal emissive material that meets all requirements. Another
crucial obstacle for quantum nanophotonic development is scalability since future quantum nanophotonic
devices would need to contain many coherent quantum light sources to perform quantum tasks
simultaneously.

Considering all of these challenges, solution-processable materials such as QDs hold great promise
to build a scalable, room-temperature operating, and electrically driven quantum nanophotonic system.
Quantum information science applications of colloidal QDs take advantage of their solution processability
for the creation of scalable platforms based on photon, spin, or defect-based qubits. There have been many
demonstrations where device-integrated colloidal QDs show a high single-photon emitting purity.171860-63
However, photonic applications beyond single-photon emission from colloidal QDs are still limited mainly
due to (1) their random spatial positioning, (2) unwanted optical behaviors (inhomogeneous spectral
broadening, blinking, and bleaching), and (3) low coherence lifetimes relative to their PL lifetimes (Figure
6). A scalable quantum photonic platform that uses QDs requires many identical single-photon emitting
building blocks, where single QDs are precisely positioned to couple with optical cavities. While
deterministic placements and patterning of single QDs have been achieved,5% coupling these patterned
single QDs with cavities in a scalable fashion has yet to be realized. When coupled to a photonic cavity, a
narrow QD emission linewidth increases the QD quality factor, thus improving the spontaneous emission
rate enhancement through the Purcell effect.®® Blinking or PL intermittency occurs when the QD emission
is disrupted, or switched to an “off” state, by transitions to a non-radiative or a weakly emitting state. After
a short duration, the QD PL is recovered. Photobleaching in QDs is an irreversible process, where the PL
intensity of the QD is significantly reduced under continuous photoexcitation. Blinking and bleaching
behaviors in QD single-photon emitters decrease single-photon purity by directly interfering with the
photon generation. These behaviors have been extensively studied and effectively suppressed by several
strategies developed in the past 20 years.®”~"> A room temperature colloidal quantum dot usually has exciton
decoherence on a ~100 fs timescale due to loss of wavefunction overlap from exciton-phonon interactions.
For single-photon emitters, a long coherence time is necessary for quantum information science
applications. Recent literature has suggested that perovskite materials, particularly lead halide perovskites,
may be suitable candidates for this purpose, as they possess narrow emission linewidths, (~25 peV)
comparable to (5 times larger than) the transform limit from the radiative rate for single-photon emission,
due to defect tolerance, which in turn leads to longer coherence times.®"® However, cryogenic temperatures
were required as this type of material has very low thermal stability. Consequently, the search for solution
processable materials that can exhibit high stability and long optical coherence time for single-dot emitters
is still ongoing. Success will require a detailed understanding of the origins of spectral broadening as
detailed in section 3 below.
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Figure 6. Challenges in making scalable photonic platforms with colloidal QD single-photon sources.

3. Sources of Spectral Broadening

In this section we will review the fundamental sources of spectral broadening in solution-phase
semiconductors. We broadly classify the sources of broadening in three bins (Figure 7). The first is
“homogeneous” broadening, which encompasses dynamic processes intrinsic to a single semiconductor
particle itself, including population relaxation, decoherence (part of decoherence is sometimes referred to
as “pure dephasing”), orientational relaxation, ligand vibrations, and solvent motions. The second is
heterogeneous or static broadening, which consists of largely static effects resulting from ensemble
averaging, including dispersity in size, shape, and composition. Finally, we will consider confounding
environmental factors that contribute to slow spectral diffusion.
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Figure 7. Three categories of sources of PL spectral broadening.

3.1 - “Homogeneous” Broadening — Dynamic Broadening in Single Particle Spectra
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The linewidth of the transition from the ground state to the first exciton, i.e., the lowest lying electronic
excited state, has contributions from both dynamic broadening mechanisms that arise for a single
nanocrystal, such as size-dependent exciton-phonon coupling,” and static inhomogeneous broadening that
arises from differences between nanocrystals in an ensemble, such as size dispersion.”™ Atomically resolved
transmission electron microscopy (TEM) studies show that colloidal QD samples usually contain QDs with
a wide variety of atomic structures, and single-dot spectroscopy has revealed a corresponding diversity of
emission spectra. It has long been known that the linewidth varies systematically with size.” Furthermore,
single-dot spectroscopy suggests that even QDs with the same bandgap can have different emission
linewidths.”®” Simply put, most QD samples do not have a “homogeneous lineshape” that is the same for
all QDs in the sample. For this reason, Park et al. defined the dynamic lineshape as the average single-dot
lineshape for all QDs with the same bandgap, and the static inhomogeneous lineshape as the distribution of
bandgaps in a sample.”® The dynamic lineshape arises from the motions of electrons, holes, and spins,
vibrations of the atomic lattice, and motion of ligands and the surrounding solvent. Every homogeneous or
single-dot lineshape is a dynamic lineshape, but a dynamic lineshape does not need to be homogeneous or
match any single-dot lineshape. Dynamic lineshapes can be measured by single-dot or nonlinear
spectroscopy,®*”® while photon correlation Fourier spectroscopy’®® measures a symmetrized correlation
function of the dynamic lineshape. The dynamic/static terminology also has the advantage of emphasizing
that the initial conditions matter so that the dynamic lineshape is different for absorption versus emission
and that the distinction between dynamic and static lineshapes is always a question of measurement
timescale, which is important for the slow dynamics known as spectral diffusion.

Theoretical work implies that bandgap inhomogeneity can be greater than the size/shape
inhomogeneity®2®® due to variations in stoichiometry,® faceting,® symmetry,® and surface passivation®.
Surface inhomogeneities may become dominant for syntheses with single atomic layer control.
Transmission electron microscopy (TEM) is the most widely used primary technique for quantifying size
dispersion in semiconductor nanocrystals, despite well-known drawbacks such as magnification errors,
decreased sensitivity to surface layers, particle selection bias,® and ambiguities in determining particle
boundaries,®*° leading to a 10% uncertainty in size dispersion when analyzing approximately 1000
nanocrystals.”® Figure 8 compares size/shape dispersion bandgap inhomogeneities calculated from TEM
measurements and total bandgap inhomogeneities determined from 2D spectra for colloidal PbSe QDs.
This comparison indicates little to no dependence on the particle shape distribution and places upper bounds
on the surface inhomogeneities.” The shape of the bandgap distribution is approximately Gaussian.
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Figure 8. FWHM total bandgap inhomogeneity extracted from two-dimensional Fourier transform spectra
of colloidal PbSe QDs. This is compared to three static inhomogeneous bandgap distributions estimated
from the full Annular Dark Field - Scanning Tunneling Electron Microscopy size/shape distribution using
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a diameter-shifted/bandgap-matched version of the bandgap-sizing curve from Moreels et. al.”* The average
QD has a prolate ellipsoidal shape with short axis lengths of 3.4 nm and a long axis length of 4.4 nm in the
images. The short axis length distributions have a standard deviation slightly less than the thickness of one
atomic layer. Although the discrete long-axis length distribution is significantly non-Gaussian, the
size/shape bandgap distributions calculated from three different ways of accounting for the effect of shape
(additive 1D confinement energies, equivalent diameter in the effective mass approximation, and an
equivalent spherical volume diameter) all approximately match the Gaussian distribution obtained from the
2D spectra. Adapted with permission from ref 78. Park, S. D.; Baranov, D.; Ryu, J.; Cho, B.; Halder, A,;
Seifert, S.; Vajda, S.; Jonas, D. M. Bandgap Inhomogeneity of a PbSe Quantum Dot Ensemble from Two-
Dimensional Spectroscopy and Comparison to Size Inhomogeneity from Electron Microscopy. Nano Lett.
2017, 17, 762-771. Copyright 2017, American Chemical Society.

An approximately Gaussian bandgap inhomogeneity was also reported from two-dimensional
Fourier transform spectra of slightly oblate colloidal PbS QDs with 4 nm diameter.>? Ryu et al. also showed
that, if the QDs were diluted sufficiently to prevent energy transfer between QDs before luminescence, 1D
absorption and PL spectra could also be used to accurately obtain the same bandgap inhomogeneity
measured in the 2D spectra. This determination from 1D spectra relied on a generalized Einstein
relationship between dynamic linewidth Agn and Stokes’ shift (21) for Gaussian spectra:

A%yn= (2)kgT (1)
where Aéyn is the variance of the Gaussian dynamic linewidth, (2) is the Stokes’ shift between maxima of
the absorption and stimulated emission lineshapes, ks is the Boltzmann constant, T is the absolute
temperature, and the linewidth and shift are measured in the same energy units as ksT. Precise
determination of the Stokes’ shift requires conversion of the PL spectrum (which has a spontaneous
emission lineshape) into a stimulated emission lineshape and conversion of the absorption spectrum into an
absorption lineshape. For Gaussian spectra, the static inhomogeneous linewidth can be determined from
the total linewidth and the additivity of variances:

A%ot: A%lyn + A?nh )
where AZ,, and A%, are the variances of the total and inhomogeneous linewidths, respectively. Further,
Ryu et al. showed that the above relationship between Stokes’ shift and dynamic linewidth also held for the
Gaussian dynamic linewidths obtained from photon-correlation Fourier spectroscopy by Caram et al. for
colloidal PbS QD samples with average diameters ranging from 2 to 6 nm.®

However, the 2D spectra show,*? in agreement with low-temperature single-molecule spectroscopy
and with theory,”” that the PbS dynamical lineshapes are asymmetric, primarily due to fine structure
broadening. Because the PbS fine structure splittings are comparable to ksT at room temperature, the
absorption and emission spectra have different dynamic lineshapes. With such non-Gaussian dynamic
lineshapes, the above approach becomes approximate. Ryu et al. described another approach, based on the
generalized Einstein relations between single-molecule absorption and emission spectra, that enables
determination of the inhomogeneous lineshape from 1D absorption and PL spectra of PbS QDs with sub-
meV accuracy.>?

Tovstun et al. have used the Gaussian approximation to analyze the excitation-emission matrix of
InP/ZnS core/shell QDs.*? Although the Gaussian approximations to the excitation and emission spectra
had different widths, the diagonal elongation of the excitation-emission matrix (which is similar to the static
inhomogeneous diagonal elongation of two-dimensional Fourier transform spectra) was used to extract
inhomogeneous linewidths ranging from 19-22 nm (at ~500 nm), depending on the method used — this
amounts to a ~14 meV range for estimates of the inhomogeneous linewidth (as measured by the Gaussian
standard deviation). They attributed the larger overall linewidth in absorption than emission to larger
homogeneous broadening (dynamic broadening in the sense distinguished here) in absorption than
emission.

For smaller PbS QDs up to ~1.75 nm diameter, Chakraborty et al. performed numerical calculations
of the bandgap for sets of a million structures with the same fixed stoichiometry.®® Their results show a
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significantly skewed bandgap distribution. These spectra are homogeneous in the sense that all the
structures probed occur for a single stoichiometry, but a variety of structures (for example, different surface
facet sizes seen in TEM) will give inhomogeneous broadening unless interconversion between structures is
rapid on the electronic spectroscopy timescale.

Dynamic lineshapes should be understood based on the underlying single-molecule lineshapes. A
single molecule lineshape is determined by the interaction between the observed system, its surroundings
or bath, and the measurement. In this context, the system is measured while the bath influences those
measurements indirectly through its effect on the system. Since the system and bath are coupled, there is
no system-only wavefunction, and the system must be described by a reduced density matrix. Through
system-bath interactions, the evolution of the reduced density matrix makes a transition from coherent
guantum dynamics to dissipative level kinetics in some preferred basis (the pointer basis preferred by the
interacting system, bath, and measurement).®* Coherence decay or decoherence quantifies this transition in
the evolution of the system we can measure. So long as the transition moment is independent of the bath
degrees of freedom (which can require that some degrees of freedom be considered part of the system),
decoherence determinesthe single-dot lineshape.®-%

In certain limits, decoherence can be mathematically viewed as arising from bath-induced changes
in the system state (for example, lifetime broadening) and either bath-induced phase “uncertainty” for the
system (pure dephasing) or system-induced changes in bath overlap (pure decoherence).®®” For a
spectroscopic transition, system-induced changes in bath overlap arise as the bath parts of an overall
system-bath wavefunction develop differently with the initial and final states of the system in the transition.
For example, if the electrons are taken as the system, the bath for excitonic decoherence will include spins,
phonons, ligand motions, and the solvent. Excitonic decoherence will occur through the electronic coupling
to spins that produces excitonic fine structure, exciton-phonon coupling, etc. The excitonic pure
decoherence due to loss of overlap between phonon wavepackets on the ground and one-exciton states is
readily visualized. This loss of phonon overlap occurs because of differences in exciton-phonon coupling
or equilibrium lattice geometry between the ground and one-exciton states. Starting from an equilibrated
ground state, excitonic decoherence between the ground state and one-exciton state gives the single-dot
absorption lineshape, while starting from an equilibrated one-exciton state gives the emission lineshape.

QD excitonic decoherence times are typically 10-100 fs at room temperature, and significantly
longer at low temperature.® There is also evidence that the overall dynamic linewidth for the first exciton
transition can be significantly altered by QD surface modifications. Using photon correlation Fourier
spectroscopy, Cui et al. measured the dynamic emission linewidth for CdSe QDs with and without a
passivating ZnS shell. For CdSe cores with the first exciton absorption at 508 nm, they reported that 3-4
monolayers of passivating ZnS shell reduced the dynamic emission linewidth from ~90 meV to ~60 meV.#°
With one exception, the reductions seen for other CdSe QD core sizes were smaller than this factor of 1/3
reduction. Using 2DFT relaxation spectroscopy, Ryu et al. compared the dynamic linewidth for two
colloidal PbS QD samples with the same bandgap and found that the half-width decreased from 43 meV to
36 meV with a 3-fold reduction in oleate ligand coverage. This ligand-coverage reduction in dynamic
linewidth by a factor of 1/6 for PbS is comparable to the ZnS shell reduction in dynamic linewidth for the
majority of CdSe QD sizes from the study of Cui et al.®° This study attributed the CdSe linewidth reduction
to decreased exciton-phonon coupling with a passivating shell. Computations on CdSe QDs have predicted
that ligands can promote faster non-adiabatic interband relaxation®® and slower adiabatic pure
decoherence!®; these make counter-balancing contributions to the total decoherence. In the case of PhS,
the cause is uncertain because TEM images show a change in nanocrystal shape with ligand-coverage;®
the calculations from Poddubny et al. indicate changes in structure may affect inter-valley and fine-structure
broadening in PbS.%

In molecules, the overlap picture has been used to show that vibronic pure decoherence (pure
decoherence between vibrational states of two different electronic states) can be slower than electronic pure
decoherence between the same two electronic states. * Transferring intramolecular vibrations from the bath
into the system has two counter-balancing effects on total decoherence: first, it slows down pure
decoherence through the loss of bath overlap because intramolecular vibrational wavepacket overlap no
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longer contributes; second, it speeds up bath-induced changes in the system state by augmenting electronic
internal conversion with vibrational population relaxation. Since vibrational population relaxation is
typically ~100 times slower than intramolecular vibrational overlap loss for large molecules in room-
temperature condensed phases, total vibronic decoherence is slower than total electronic decoherence.

In QDs, specifying the total electron+spin angular momentum removes fine-structure wavepacket
overlap decay and incorporates relaxation between fine structure levels; how this trade-off affects total
decoherence is less clear. For example, in colloidal lead chalcogenide nanocrystals, measurements of
electron+spin angular momentum relaxation using pulses with durations ranging from 20 - 50 fs resolved
“fast” exponential time constants ranging from 150 fs (PbTe) to 300 fs (PbS), with an unresolved “very
fast” relaxation.'® For PbS QDs, the calculated inter-valley and fine-structure from Hu et al., which is
supported by the dynamic absorption and emission spectra from Ryu et al.,*> would generate a non-
monotonic wavepacket overlap decay, first dropping to 50% overlap after around ~90 fs. It is not clear
whether the un-resolved “very fast” relaxation involves angular momentum wavepacket overlap decay,
population relaxation between fine-structure states, or both, but inter-valley/fine-structure overlap and
population relaxation timescales can have the same order of magnitude at room temperature. The angular
momentum relaxation timescale is a factor of 2 slower at 77K and below.*? More study is needed to
determine how total decoherence times for excitonic fine structure relate to total decoherence times for
excitons at room temperature.

The temperature dependence of total decoherence between the zero-exciton state and the lowest
bright inter-valley/fine-structure level of the one-exciton state of PbS QDs has been measured by 2DFT
correlation spectroscopy.®® Decoherence from exciton-phonon coupling accounted for 2D anti-diagonal
linewidths that increased from ~3 meV FWHM at 5 K to 10 meV FWHM at 80 K. A similar trend was
observed in single-dot emission spectroscopy: at 4K, single PbS core-shell QDs had a range of linewidths
from 8 to 25 meV FWHM, with an average linewidth of 16 meV; tracking single-dot spectra as a function
of temperature, exciton-phonon coupling caused dot-dependent linewidth increases with temperature, but
roughly doubled the 5 K linewidths by 60 K. Narrowed anti-diagonal linewidths are expected in 2DFT
correlation spectra because 2DFT correlation spectra have no delay between excitation and detection steps,
so that phonon motions are “frozen” during the femtosecond experiment;'® In contrast, phonons fully relax
on a timescale much faster than the exciton lifetime in single-dot emission. Above 100 K, exciton fine-
structure begins contributing a high energy shoulder to the single-dot emission lineshape.”” Fully relaxed
2DFT relaxation spectra, in which the excitation and detection steps are separated by a time delay sufficient
for complete fine-structure and phonon relaxation, indicate an exciton-phonon coupling contribution to the
dynamic linewidth of ~60 meV (FWHM) for 4 nm diameter colloidal PbS QDs at room temperature;>
given the surface-mediated differences in dynamic linewidth mentioned above, this is in reasonable
agreement with the ~55 meV exciton-phonon coupling linewidth expected from the lower temperature
single-dot emission.

Based on the generalized Einstein relations, such single-dot linewidths are incompatible with the
“nearly-zero” Stokes’ shifts reported for PbS by Voznyy et al.}** Their conclusion that aggregation and
energy transfer can increase the measured Stokes’ shift at high concentrations is undoubtedly correct - the
concentration-dependent effects of both non-radiative and radiative energy transfer on PL spectra, lifetimes,
and quantum yields are well known.1% If not an artifact arising from difficulties in measuring absorption at
high dilution, the near-zero Stokes’ shifts reported by Voznny et al. would imply near-elimination of both
exciton-phonon coupling and intervalley/fine-structure splittings by chloride surface treatment.%

QD PL lifetimes are often significantly lengthened by the inter-valley/fine structure equilibrium?°
and by the equilibrium between bright and dark excitons. The QD bright exciton/dark exciton equilibrium
is related to the phenomenon of “delayed fluorescence” in molecules. After intersystem crossing, delayed
fluorescence arises from the small equilibrium population of the first excited singlet state above that of the
energetically lower first triplet state; thermally activated delayed fluorescence has the spectrum of
fluorescence and the lifetime of phosphorescence.'®” Recent experiments on CdSe QDs by Ruhman and
coworkers.’® showed that the electron spin flips needed for bright exciton-dark exciton equilibrium are
orders of magnitude slower than the timescale for angular momentum relaxation within the bright state.®
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In QDs, the dark exciton is much closer in energy to the bright exciton and can indirectly emit through
equilibrium with the bright exciton.®? Compared to molecules, indirect emission occurs at lower
temperatures and with higher yields in QDs.

The size-dependent emission spectra of PbS QDs exhibit two overlapping features at room
temperature.>? Caram et al. attributed the dominant emission feature to an ever-present defect state, and
reported that time-resolved PL from 4.1 nm diameter PbS QDs exhibited bi-exponential decay with sub-
200 ns and ~2 ps lifetimes.®! The calculated intervalley/fine structure splittings reported by Hu et al. give
two bright features that account for the peak and high energy shoulder in both single-dot emission at
temperatures from 100 K to 235 K”” and dynamic emission from 2D spectra at room-temperature.>? Using
the intervalley/fine-structure and the generalized Einstein relations to calculate the radiative lifetime for the
equilibrated bright exciton gives ~200 ns;%? this radiative decay rate is only about 15% slower than what
one would expect from a calculation using the Strickler-Berg relation,''° the absorption spectrum, the shape
of the PL spectrum, and the 8-fold degeneracy model*!* for the bright exciton. Using the same model and
approach, the radiative rate for bright and dark excitons in equilibrium at room temperature is substantially
slowed (up to ~2 ps).5? The simplest interpretation of this slowing is that the fully equilibrated exciton emits
only from the 8 states of the bright exciton but spends most of its time in the more numerous dark states
(the equilibrated bright-dark exciton is 64-fold degenerate). Both of these simple degeneracy-model
interpretations are quantitatively modified by intervalley and fine-structure splittings,’”” these generate
splittings of 20-50 meV in lifting the degeneracy; these splittings are comparable to ksT at room
temperature. The above picture for fully equilibrated PbS QD emission is directly analogous to the picture
of ps radiative lifetimes for PbSe QDs proposed by Zunger and coworkers;'% their calculations also showed
that the intervalley/fine structure splittings and intensities generate two size-dependent features in PbSe QD
absorption. The agreement outlined above suggests that the two features in the spectra arise from
intervalley/fine structure splitting and that the slowest (2 us) time constant in PbS PL decay arises from the
fully equilibrated bright-dark exciton, which indirectly emits through the bright exciton at room
temperature.> This is quantum dot delayed fluorescence.

Ryu et al. reported a stimulated emission contribution to the 2D spectrum that was about 10% of
the maximum 2D signal and appeared with the Stokes’ shift observed in PL spectra within 1 ps after band-
edge excitation. The strength of this signal matches that for stimulated emission from the equilibrated
bright exciton, so Ryu et al. attributed it to single-exciton stimulated emission.*? Since early experiments,
QD lasing has usually been considered to require population of the bi-exciton state in order to avoid losses
from exciton to bi-exciton absorption;*? however, there is precedent for single-exciton lasing in QDs with
a large Stokes’ shift.*® In comparison to the dynamical linewidths of 70 and 80 meV FWHM, the PbS QDs
studied by Ryu et al. had a 70 meV Stokes’ shift, so that stimulated emission (which does not require laser
gain) stands out above the red edge of the dynamical absorption spectrum. In agreement with the ~7 meV
red-shift of bi-exciton emission reported by Heinz and co-workers,''® Ryu et al. found a ~7 meV red-shift
of exciton to bi-exciton absorption,® so induced absorption to the bi-exciton state does not interfere with
measurement of stimulated emission. However, Ruhman and co-workers were unable to detect stimulated
emission in recent spectrally resolved pump-probe and spectator exciton experiments on larger PbS
nanocrystals.** This might be due to the combined effect of the relatively small stimulated emission signal
(10% of maximum 2D signal), the £5-10% error bars on the spectrally resolved pump-probe experiment,
the obscuring effect of any sample heterogeneity in spectrally resolved pump-probe experiments, and
extensive absorption-PL overlap noted for their sample (the Stokes’ shift decreases as size increases, - the
data of ref. 81 suggests the Stokes’ shift might be a factor of 3 smaller). Thus, all available evidence from
both theory and experiment is consistent with the bright exciton having a radiative lifetime of ~200 ns, but
this does not prove that the bright exciton lives long enough to account for the sub-200 ns decay reported
in PL.

The timescale for equilibration between the bright and dark exciton in PbS QDs is not settled. In
contrast to CdSe,'% spectator exciton experiments did not detect a spin-blockade for PbS,'** and the authors
noted that a rapid spin-flip hypothesis would reduce but not eliminate the blockade at the band edge. One
possible explanation, not suggested by the authors, is that rapid intervalley scattering among the four valleys
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in PbS could provide a way around any spin blockade created by up to 3 spectator excitons (the experiments
probed one and two spectator excitons). This seems plausible for a variety of reasons: intervalley scattering
typically has a ~100 fs timescale in the bulk;*® a different intervalley scattering process (from E1 to L
valleys) takes ~100 fs in PbS QDs,''® and it has been suggested!’ that intervalley coupling at the band
edge is responsible for the residual low-temperature decoherence not accounted for by exciton-phonon
coupling.”%8117 We are thus left with bright-dark exciton equilibration taking place sometime after 1 ps
(when the bright exciton was observed in 2D experiments) and before 200 ns (soon after that, PL decays
with the ~2 us exponential lifetime of the equilibrated bright-dark exciton). Ruhman’s spin-blockade
experiments on CdSe QDs yielded electron spin-flip times of ~25 ps.1%® The 2D experiments establish that
the radiative lifetime of the PbS QD bright exciton is ~200 ns.%2 However, unless the carrier angular
momentum flip times are orders of magnitude longer in PbS than CdSe, defect® or trap states may be
necessary to explain the sub-200 ns decay component in PbS QD PL.

In summary, the heterogeneity within quantum dot ensembles makes their line broadening quite
different from the molecular homogeneous-inhomogeneous paradigm:

1. The combination of size-dependent quantum confinement effects on linewidth and size-dispersion
means that most quantum dot ensembles do not have a truly homogeneous lineshape that is the
same for all quantum dots in the ensemble. Furthermore, quantum dots with the same bandgap
exhibit different single-dot lineshapes, and their average can be correctly called a dynamical
lineshape. Measurements by single-dot spectroscopy, photon correlation Fourier spectroscopy and
two-dimensional spectroscopy indicate that the dynamics and dynamical line broadening that result
from exciton interactions with spins, phonons, and ligands are significant and subject to synthetic
control.

2. The dynamic lineshape can be contrasted with the static inhomogeneous lineshape arising from the
bandgap distribution, which is dominated by size-dispersion without significant shape-dependence
in experiments to date. The dynamic lineshape is determined by total decoherence in the time
domain. In certain limits, total decoherence arises from bath-induced changes in system state (for
example, lifetime broadening) and system-induced changes in bath wavefunction overlap (pure
decoherence). Pure decoherence is sometimes described as bath-induced relative phase-uncertainty
between parts of the system wavefunction (pure dephasing).

3. Provided the gquantum dot sample is dilute enough to prevent energy transfer between quantum
dots, the Stokes’ shift between ensemble absorption and emission maxima provides information on
the dynamic linewidth. For the same lineshape, larger Stokes’ shifts imply larger dynamic
linewidths. Simple quantitative relationships between Stokes’ shift and dynamic linewidth hold
for Gaussian lineshapes. For modern syntheses with low polydispersity, changes in dynamic line
broadening can be so important that broader ensemble spectra no longer indicate greater size
dispersion; in such circumstances, the ensemble Stokes’ shift should be used as a diagnostic for
changes in dynamic linewidth.

3.1.1 - Phonons

The second largest contribution to “homogeneous” or dynamic line broadening and single-dot
decoherence is called collision broadening. For exciton wavefunctions, the pure dephasing picture of
collision broadening is that random phase jumps can cause the wavefunction of the ground plus one-exciton
superposition state to lose phase information, commonly due to elastic collisions with phonons (or
vibrational modes of a crystalline lattice). The random phase jumps will introduce additional frequency
components and therefore broaden the spectrum of the exciton’s wavefunction. Analogous to Franck-
Condon vibronic coupling in molecules, the exciton of a nanocrystal may couple to phonons in the lattice
due to some displacement A of the excited state along a (dimensionless) phonon coordinate, described by
the Huang-Rhys parameter S = A%/2.18 This is known as exciton-phonon coupling. The result is additional
phonon sideband transitions and consequently, broadened emission linewidth. Crystalline solids have
acoustic and optical phonons. Acoustic phonons are longitudinal modes in which the atoms vibrate parallel
to the direction of energy transport and are typically lower in energy than optical phonons, where atoms
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move in different directions. For narrow-emitting colloidal semiconductor nanocrystals, weak phonon
coupling is desirable, and the coupling can change as a function of size and surface composition.

It is generally accepted that as nanocrystal size increases, emission linewidth narrows. Bawendi et
al. notably demonstrated this for both a continuous synthesis of CdSe cores (aliqguot measurements), and
multiple batches of CdSe of different sizes,® which shows that the effect was not a result of size-focusing.
This size dependence has also been shown to hold true for other systems.®:119120 This effect may be
attributed to decreased coupling between the exciton and surface phonon modes, which are generally more
abundant and higher in energy than interior modes. As size increases, surface area-volume ratio decreases,
and the exciton is better confined within the core. Rabani et al. showed that for a small 2.2 nm CdSe QD,
92% of phonon modes were localized to the outer monolayer of atoms and were responsible for 99% of
total reorganization energy (~89 meV).'?! In this strongly confined system, the exciton wavefunction
extends well to the surface and couples strongly with surface phonons. For a larger 4.7 nm CdSe QD (Bohr
radius = 5.4 nm), total reorganization energy becomes smaller (~31 meV), and contributions become
dominated by interior phonon modes (78%). There are some systems where this trend does not hold true,
namely nanoplatelets.’?? The effect of size on exciton-phonon coupling strength and subsequent emission
linewidth is therefore largely material dependent and requires an intimate understanding of the dominant
phonon modes of the specific system.

Since many phonon modes are found on the surface, it follows that surface ligands can play a large
role in exciton-phonon coupling. One of the major ways ligands affect this coupling is through surface
passivation and dangling bonds or surface defects. In a computational study by Wood et al., thiol, iodide,
bromide and chloride terminations were compared on PbS QDs (Figure 9).12% Exciton-phonon interactions
were found to be suppressed in the halide systems compared to the thiol, which had many more under-
passivated surface atoms and defects. The authors proposed that this resulted in more atomic displacement
and extension of the excitonic wavefunction to the [111] surface facet. Surface defects may also lead to
more localized dipoles, which can also couple to the exciton. The authors followed up on this work by both
calculating and experimentally measuring emission linewidths for these four terminations and found that
the linewidth decreased with weaker phonon coupling.'?* Importantly, these effects were not a result of
different electronic structures or trap states. Surface ligands have been calculated to reduce exciton-phonon
coupling by reducing the vibrational amplitude of surface atoms through direct mechanical coupling.1®
Another proposed ligand phenomenon is damping of phonon modes. In a study by Dukovic et al., authors
compared phonon behavior in CdTe and CdTe/CdSe QDs capped with aliphatic or chalcogenide ligands
using transient absorption spectroscopy.? They found that the chalcogenide ligands were able to dissipate
phonons into the solvent medium, resulting in severe damping behavior. While the authors did not study
emission linewidth, this behavior should be kept in mind when designing narrow emitters.

When a small, blue emitter is desired, one must therefore minimize the effect of the large surface
area-volume ratio and multitude of surface defect sites and phonon modes. Where ligands fail, whether in
terms of complete passivation or maintaining colloidal stability, an inorganic shell can be introduced around
the QD core. Gradually introducing monolayers of a wide bandgap material around the core to form a type-
| heterostructure has been shown to decrease emission linewidth.81%6127 Not only are surface defects
passivated, but the electron and hole wavefunctions are localized to the core material only, preventing
coupling to phonons on the surface. However, it has been observed that there can be an optimal shell
thickness for emission linewidth — for CdSe cores shelled with ZnS, linewidth increases again beyond 5
monolayers of shelling.8’ The authors hypothesized that this may be due to increased strain on the core
lattice, leading to reconstruction and new defect sites. For type-Il shells, one charge carrier wavefunction
(typically the electron) can be delocalized into the shell, therefore electron coupling to surface phonons
cannot be mitigated and emission is typically still broad.
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Figure 9. Size and ligand dependence of exciton-phonon coupling. (A) Atomistic models of the four PbS/CI
nanocrystal sizes considered here. (B) Exciton-phonon coupling strengths, Seq(wk), and (C) reorganization
energies, A, and room-temperature line widths for the transition across the bandgap. The plots of A are
decomposed into the contributions to A from each of the four modes, using the color scheme in (B). (D)
Atomistic models for 1.24 nm nanocrystals with methanethiol ligands and halide ligands. (E) Extracted A
and line widths. In (B), (C), and (E), the semitransparent lines are guides for the eye. Experimentally
measured reorganization energies, A, as a function of nanocrystal size for (F) thiol-terminated PbS and (G)
2.7 nm diameter PbS nanocrystals with thiol and different halide passivations. Adapted with permission
from ref 123. Yazdani, N.; Bozyigit, D.; Vuttivorakulchai, K.; Luisier, M.; Infante, I.; Wood, V. Tuning
Electron—Phonon Interactions in Nanocrystals through Surface Termination. Nano Lett. 2018, 18, 2233—
2242, https://doi.org/10.1021/acs.nanolett.7b04729. Copyright 2020, American Chemical Society.

3.2 - Inhomogeneous Broadening — Static Broadening in Ensemble Spectra

For a collection of colloidal emitters that are inhomogeneously broadened, different emitters in the
ensemble have different spectra — a different center frequency and/or linewidth. The overall spectrum of
the collection of emitters is therefore a composite of the varied spectra of the individual emitters. In QDs,
the primary sources of inhomogeneous or static broadening include size, shape, and composition or
structural dispersity. We elaborate on each of these issues in the following subsections.

3.2.1 - Size and Shape Dispersity

Polydispersity in the size, shape, and surface termination of colloidal QDs contribute to the static
inhomogeneous broadening of the PL spectrum. State of the art QD synthesis produce polydispersities of a
few percent!?® wherein contribution to the optical linewidth is smaller than the dynamic broadening
mechanisms described in Section 3.1. Conventional estimates of the polydispersity, however, are obtained
by ignoring the dynamic spectral broadening and converting the linewidth to a polydispersity using
empirical relationships between the QD size and band gap. This analysis overestimates the polydispersity,'?°
particularly in CdSe, PbSe, and PbS nanocrystals where the dynamic width of a single QD is known to
dominate the spectral width of the ensemble PL and is size dependent (Figure 10).811%013! It is therefore
important to be cautious when interpreting the absorption/emission linewidths to assess the polydispersity.
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Figure 10. The FWHM of the lowest energy electronic transition versus its position (1S—1Sy) from a
variety of selenourea precursors and reaction scales (solid yellow, solid red) and other reports (hollow
violet,’ hollow green,'® hollow blue!3*, compared to intrinsic single QD widths measured by hole burning
(solid black) and 2D Optical Spectroscopy (solid green). The intrinsic broadening increases with smaller
size and the polydispersity is a relatively small contribution to the total linewidth in this case. Figure
reproduced from ref 130. A Library of Selenourea Precursors to PbSe Nanocrystals with Size Distributions
near the Homogeneous Limit. Campos, M. P.; Hendricks, M. P.; Beecher, A. N.; Walravens, W.; Swain, R.
A.; Cleveland, G. T.; Hens, Z.; Sfeir, M. Y.; Owen, J. S. J. Am. Chem. Soc. 2017, 139, 2296-2305. Copyright
2017, American Chemical Society.

Several other techniques can be used to directly measure the size polydispersity including small angle X-
ray scattering. This widely adopted approach enables direct in situ measurements of the polydispersity
under realistic synthetic conditions.?®!3 However, both size polydispersity and shape contribute to the
scattering lineshape and are difficult to unambiguously deconvolute. These limitations inhibit the precise
measurement of polydispersity using SAXS and limit its ability to distinguish between size distribution
functions (e.g. Gaussian, vs. log-normal).*%’

Electron microscopy remains the most widely practiced and direct method to measure size/shape-
dispersion. However magnification errors, lower surface atom sensitivity, particle selection bias,
ambiguities in particle boundary determination, the thinness of the support limit its accuracy.®®!%
Algorithmic image analysis can eliminate user bias and improve high resolution electron tomography.
142 Selection of imaging technique (TEM vs ADF-STEM) and support film (e.g. 15-25 nm thick amorphous
carbon vs <3 nm ultrathin carbon films) can improve signal-to-noise ratios from 1:1 to 5:1, however, the
change in support results in a decrease of the observed nanoparticle diameter.”® Furthermore analysis of
the 2D images as projections of probability distributions of regular non-spherical shape distributions can
improve the retrieval of the size/shape distribution of electron microscopy images, however shape
distributions do not contribute greatly to band gap heterogeneity (Figure 8).”® Further improvements may
one day lead to statistical analysis of nanoparticle chemical formula distributions and a greater
understanding of nanoparticle shape and surface polydispersity. Continued advances in the mass
spectrometry of single particles may also lead to more precise measurements of polydispersity in size,
shape, and chemical formula.*3

139-

3.2.2 - Growth Mechanisms that Support Narrow Polydispersity

The nanoparticle size distribution is a direct consequence of the QD formation mechanism, a topic of long-
standing interest for synthetic chemists. Recent reviews have covered mechanistic frameworks from
classical and nonclassical nucleation theories** to growth models based on diffusion limitations,'#54 as
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well as digestive ripening,'*® and aggregative processes.’*"1*® A very recent review demonstrates the

application of these models to the formation of metals and silicate nanoparticles.'*® Despite a relatively long
history of study in this area, polydispersity is typically optimized empirically rather than being based on
knowledge of the mechanism. Improved understanding of the connection between polydispersity and the
formation mechanism could eventually lead to rational methods to narrow the polydispersity and even
narrower PL linewidths.

Canonical kinetic explanations of the polydispersity include the burst nucleation concept attributed
to Victor LaMer®™®, the size distribution focusing mechanism described by Howard Reiss®™, and the
Ostwald ripening process described by Lifshitz-Slyozov-Wagner theory.'*® These mechanisms link the
narrow polydispersity to a brief period of nucleation that precedes growth and a growth process that is
limited by diffusion of monomers to the nanocrystals surface, and a homogeneous ripening process that
broadens the polydispersity while increasing the average size. However, recent kinetics investigations of
InP,52 CdSe,*® PhS and PhSe'®!% QD syntheses have observed long nucleation periods that in some cases
continue throughout the synthesis and are concurrent with growth, as well as attachment limited growth
Kinetics that support size distribution focusing. Indeed, a recent comprehensive review of semiconductor,
metal, and oxide nanoparticle formation concluded that, “compelling evidence for burst nucleation and
diffusion-controlled growth in semiconductor nanoparticle formation is missing” and “a primary working
hypothesis going forward to test and to try to disprove, is that nucleation may well more often be

continuous”.}#

Size distribution focusing, for example, has been widely described since the first experimental
demonstration with QDs.*?® Like many studies that followed, the absorption spectral linewidth was used to
monitor the polydispersity under the assumption that the broadening is dominated by the polydispersity.
However, since that time it's been demonstrated that the dynamic width of the single QD optical spectrum
is often the dominant contribution the width of the ensemble emission (Figure 10). Moreover, the single
QD linewidth narrows as the size increases and can lead to erroneous claims of distribution
focusing.8081130.131 Angther issue in this regard is the use of relative or percent polydispersities to argue on
behalf of size focusing. True size focusing causes a reduction in the absolute polydispersity. On the other
hand, the percent polydispersity of an unchanging absolute polydispersity will decrease as the average size
grows. It is therefore important to measure and evaluate changes to the absolute polydispersity when
analyzing the temporal evolution of the size distribution.

Size distribution focusing is well known to be a consequence of diffusion limited growth kinetics.*!
As a result, claims of size focusing are often used in support of arguments for diffusion limited growth
mechanisms. This is largely because mechanisms limited by surface reactions are usually thought of as size
independent. However, direct determination of the rate limiting growth process requires that the single QD
growth rate to be determined. In a homogeneous solution, the influence of the evolving solute concentration
on QD growth kinetics should be determined; a technically challenging measurement that is rarely
documented. Recent in situ electron microscopy in graphene liquid cells allowed the growth Kinetics of
individual colloidal metal nanoparticles to be directly measured.’® In situ SAXS measurements of the
growth and ex situ nuclear magnetic resonance measurements of the precursor concentration allowed the
solute concentration and growth rate to be measured during growth of PbS QDs.*** Population balance
models based on these data support size dependent growth kinetics that are slower than diffusion limitations
and viscosity independent. The results clearly demonstrated that size distribution focusing under attachment
limited conditions can be attributed to the QD surface chemistry. Recent work on CdSe using a competitive
growth strategy, demonstrated a size dependent reactivity that is greater than predicted by diffusion
limitations.*®® Both the magnitude of the size dependence and its chemical origins across a variety of
materials remain open areas of inquiry.
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Recent studies of 1r'%® and Pd'®" nanoparticle growth have also concluded that size dependent
surface reactivity leads to size distribution focusing. In the case of Pd, the binding and coverage of
phosphine ligands was argued to influence the solute attachment kinetics and cause the size focusing.!*®
The size dependence of lead oleate binding to PbS,*° and the size dependent surface reactivity of InP are
also thought to determine the polydispersity of those materials,152160-162

3.2.3 - Thermodynamic Control Over Size and Polydispersity

The recent observations of long nucleation times and size dependent surface reactivity suggest an
interesting evolution of the surface free energy with size that is reminiscent of so called “magic size
clusters”. These “molecular” QDs have atomically precise formulas that result from the thermodynamic
stability of their ligand coordination.’%3-1%° The high curvature of these small-sized nanocrystals provides
the needed additional volume to pack surface ligands at high densities, preferentially stabilizing these small
nanocrystals more effectively than large nanocrystals.!®® In line with this conclusion, it has been
demonstrated that increasing the steric bulk of the ligand shell facilitates magic size cluster growth.6

Many reports have demonstrated that such clusters jump from one thermodynamically stable size to the
next, without accumulating intermediate sizes, a growth mode that could, in principle, lead to even more
monodisperse QDs. Kinetics simulations of these growth pathways support kinetics that are limited by the
nucleation of the subsequent 2D facet.!%3166-168 Several studies document cases where the stepwise size
evolution is temperature dependent (CdSe,'®® ZnSe,'”® ZnTe,'™* PbSe,'’? InP'”® and InAs'’*) such that
growth to larger sizes requires higher temperatures. However, increasing the temperature eventually leads
to polydisperse products.’®'’® Additionally, an interesting example of size and shape distribution control
in the growth of CsPbBr; QDs appears to result from a thermodynamic equilibrium governed by surface
ligand binding. The effect of temperature and bromide concentration on the particle size and size
distribution are consistent with a control mechanism that results from dynamic exchange of Br~ with the
QD lattice (Figure 11).}"® Cooling of the reaction mixture to less than 100 °C was found to inhibit the
dynamic process and enable isolation of narrow size populations. Synthetic conditions that enable the
thermodynamic control of particle sizes and distribution could provide powerful new methods to prepare
highly monodisperse QDs.
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Figure 11. Size control via thermodynamic equilibrium in CsPbBr; QDs. (A) Dependence of the QD size
on the Br-to-Pb ratio in the reactant and the reaction temperature. (B) A simple model illustrating the
determination of the QD size via equilibrium of Br- between the QD lattice and solution medium. The QD
size (I) for a given Br— concentration ([Br1]) and temperature (T) is determined where the chemical
potentials of Br— in the QD (uBr-, QD, series of gray horizontal lines for different I) and in the solution
phase (uBr,sol, black curve) become equal. Adapted with permission from ref 176. Dong, Y.; Qiao, T.;
Kim, D.; Parobek, D.; Rossi, D.; Son, D. H. Precise Control of Quantum Confinement in Cesium Lead
Halide Perovskite Quantum Dots via Thermodynamic Equilibrium. Nano Lett. 2018, 18, 3716-3722.
https://doi.org/10.1021/acs.nanolett.8b00861. Copyright 2018, American Chemical Society.

3.2.4 - Digestive Ripening

Another growth mode that creates extraordinarily narrow polydispersities is called digestive ripening.
Experimental observations and theoretical understanding of this process were comprehensively
summarized in a recent review.*® Seminal observations in this field describe the ripening of polydisperse
gold nanoparticles into monodisperse ensembles with a smaller average size upon heating with
alkylthiols,’"7® or other ligands. The decrease in the average size and the polydispersity is the inverse of
conventional Ostwald ripening processes and suggests that digestive ripening lowers the total energy by
maximizing the surface area. Such a conclusion requires that surfaces are thermodynamically favored
structures, which might result from a high density of surface ligand bonds. The synthetic approach has been
extended to CdSe QDs using tri-n-octylphosphine and hexadecylamine surfactants,}’®% and CdS, CdSe,
CsPbBr;, CuSnZnS;, using oleylamine.’® A deeper understanding of driving forces can enhance our
understanding of polydispersity control across different mechanisms while reemphasizing the significance
of surface structure in relation to polydispersity and the resulting PL linewidth.

3.2.5 - Compositional Variation of Alloys and Solid Solutions

Alloy compound semiconductors as core materials (e.g., CdSe1.xSx and In;.xGayP)!#218 and as
gradient shell materials (e.g., CdSe/CdxZn1S, INP/ZnSe1xSx) provide additional degrees of freedom for
optimizing strained interfaces, band alignment, and confinement potential. However, this creates additional
degrees of structural heterogeneity that can influence linewidth and thus approaches to mitigate this
synthetically must be developed. For typical compound semiconductors (e.g., CdSe, InP, etc.) the above
discussed size and shape distribution are the primary factors that govern static inhomogeneous broadening.
These parameters also affect alloy semiconductors indicating that key design principles, narrow size
distribution and high shape purity, remain as important considerations for alloy semiconductors as well.
For alloy semiconductor nanocrystals variation of the composition also has the potential to impact linewidth
in two ways: 1) compositional heterogeneity within the ensemble of nanocrystals, which we will denote as
compositional heterogeneity (Figure 12Ai) and 2) heterogeneity in the distribution of the elements within
individual nanocrystals which we will denote as configurational heterogeneity (Figure 12Aii).

Compositional heterogeneity within the ensemble can affect the linewidth due to the composition-
dependent band gap of semiconductor alloys. To first order, the band gap of an alloy semiconductor is
simply a linear interpolation of the band gaps of the parent compounds (Vegard’s law). Thus, nanocrystals
that have compositions that deviate from the ensemble average will have different band gaps than the
average, resulting in an ensemble linewidth that is broader than that of a given non-alloyed semiconductor.
This effect is convoluted by other factors, such as size/shape distribution and dynamic broadening.
Empirically, ensemble linewidths for alloy semiconductor nanocrystals are typically larger than their binary
counterparts, suggesting additional heterogeneity is present in these samples; however, systematic studies
precisely controlling for effects of size distribution have not been reported. Synthetic challenges for
preparing alloy semiconductor nanocrystals highlight potential ways in which compositional heterogeneity
may be present in these samples, but composition distribution cannot be easily determined experimentally.
For example, in many cases synthesis of alloy materials involves precursors with mismatched reactivity.
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This may result in non-uniform incorporation of the different alloy components depending on their size
within the distribution. For example, in size-focusing growth, smaller nanocrystals grow faster to “catch
up” in size to the larger ones, however at this point in the reaction the monomers may be depleted in the
more reactive precursor. Cation exchange is another method for preparation of alloy nanocrystals which
also has a potential for introducing compositional heterogeneity. In these reactions, it has been determined
smaller nanocrystals undergo cation exchange faster than larger nanocrystals potentially leading to size-
dependent composition within an ensemble upon cation exchange.'®* This potentially could exacerbate the
effect of size distribution if the alloy reaction creates a semiconductor with a larger band gap or counteract
the effect if the reaction creates a narrower band gap semiconductor. Many discussions around
compositional heterogeneity in alloy semiconductors remain qualitative and unproven mostly because
direct quantification of the composition variation in nanocrystal ensembles is limited by the insensitivity of
standard characterization tools to this parameter (Figure 12B). Thus, a systematic understanding of the
effects of composition variation on linewidth in an ensemble of nanocrystals remains elusive.

Compositional heterogeneity in individual alloy nanocrystals is a second concern that can affect
the emission linewidth. For a bulk crystal of a random alloy, all possible configurations are self-averaged
and thus heterogeneity of their materials properties typically is not observed. For a finite-sized nanocrystal,
the small size may not average over all alloy configurations and particle-to-particle variation in
optoelectronic properties may result.*®® Thus, nanocrystals with identical nominal alloy compositions can
display different emission energy or linewidth. In addition, the configurational disorder resulting from
alloying can distort the symmetry properties of electron or hole wavefunctions, increasing the oscillator
strength of transitions which are dark in pure systems (Figure 12D). This can increase the number of
energetically distinct states which a nanocrystal can emit light from and thus increase the linewidth or
introduce new transitions (Figure 12C).188
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Figure 12. (A) Schematic representations of i) compositional heterogeneity and ii) configurational
heterogeneity which can be present in an ensemble of alloyed semiconductor nanocrystals. (B) Simulated
powder x-ray diffraction patterns for an ensemble of InixGaxP nanocrystals with different degrees of
compositional heterogeneity. The resulting nearly identical diffraction patterns for samples with vastly
different compositional heterogeneity show typical characterization methods cannot discern these important
structural parameters. (C) UV-Vis absorption spectra as a function of composition for CdS;xSex showing
the emergence of additional transitions at intermediate alloy compositions. (D) Electron (green) and hole
(red) wavefunctions for pure CdS (left) and CdSysSeos hanocrystals showing the distortion of the electronic
states due to alloying. Panel B reproduced with permission from ref 184. Gupta, A.; Ondry, J. C.; Chen,
M.; Hudson, M. H.; Coropceanu, I.; Sarma, N. A.; Talapin, D. V. Diffusion-Limited Kinetics of Isovalent
Cation Exchange in 111-V Nanocrystals Dispersed in Molten Salt Reaction Media. Nano Lett. 2022, 22,
6545-6552. Copyright 2022, American Chemical Society. Panels C and D reproduced with permission
from ref 186. Mourad, D.; Guille, A.; Aubert, T.; Brainis, E.; Hens, Z. Random-Alloying Induced
Signatures in the Absorption Spectra of Colloidal Quantum Dots. Chem. Mater. 2014, 26, 6852-6862.
Copyright 2014, American Chemical Society.

3.2.6 - The Role of Post-Synthesis Purification to Achieve Narrow Emission Linewidths

Purification and separation methods offer an often-overlooked strategy to obtain nanocrystal samples with
narrow emission spectra. When static inhomogeneous broadening dominates the linewidth, the dependence
of confinement energy on nanocrystal size'®” suggests that nanocrystal ensembles with smaller size
dispersion have narrower emission spectra. Size and shape selective techniques are widely used to produce
nanocrystal ensembles with narrower emission. When static broadening dominates (which is not always
true for modern syntheses — see section 3.1 and subsection 3.2.1) comparing the linewidth of emission or
absorption peaks before and after purification allows the quantification of the decrease in inhomogeneous
broadening due to the increase in sample monodispersity.

Since their introduction, solvothermal heat-up'® or hot-injection methods!®® have been
accompanied by techniques that facilitate the selective extraction of a near-monodisperse fraction from a
polydisperse ensemble. As a prime example, the controlled addition of a “bad” solvent, also known as an
antisolvent, to a dispersion of nanocrystals has proven beneficial in separating and isolating specific sizes
from a polydisperse ensemble. This technique is known as size-selective precipitation.8%% Murray et al.
have shown how size-selective precipitation can be used to decrease the FWHM of the first exciton peak
of CdSe nanocrystals from 25 nm (99 meV) to 17 nm (65 meV), as shown in Figure 13A.2% Depending on
sample parameters such as the choice of solvent/antisolvent pairs, the distributions of sizes, shapes, and
compositions of nanocrystals within the ensemble, and the concentration of the dispersion, increasing the
volume fraction of antisolvent within the mixture leads to nanocrystal aggregation (Figure 13B).1°* When
this procedure is performed correctly, the final aggregates are known as nanocrystal superlattices as they
incorporate nanocrystals of similar size into a crystalline lattice (Figure 13C).2 A centrifugation step can
then be used to separate the superlattices from the remaining nanocrystal ensemble. The superlattice of
nanocrystals can then be redispersed in a good solvent, resulting in a dispersion with improved
monodispersity compared to the initial ensemble. This separation process can be repeated until the desired
range of nanocrystal sizes is obtained. More attractive nanocrystal species of the ensemble need milder
destabilization conditions to reach flocculation, corresponding to a lower volume fraction of anti-solvent.
Since the magnitude of van der Waals forces increases with the square of the nanocrystal volume (x R®,
where R is the nanocrystal radius),'®® larger nanocrystals separate out at lower volume fractions of
antisolvent than smaller nanocrystals. Furthermore, since the magnitude of van der Waals forces is higher
for planar (plate-like) than round (rod-like or spherical) shapes,'®® size-selective precipitation remains the
most effective, straightforward, and widespread mechanism to extract near-monodisperse samples from an
initially polydisperse ensemble.

The temperature of the solvent mixture represents a crucial parameter in the separation and
purification of nanocrystals. While this effect has been long known for microscale colloids,** it has been
extended to the nanoscale only recently,’® resulting in a growing area of interest.’®¢1% When the
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solvent/antisolvent mixture is close to its critical point, solvent density fluctuations arise (Figure 13Da).
The confinement of these fluctuations between the surfaces of nanocrystals leads to a net attractive force
known as the critical Casimir force (Figure 13Db).1%® The magnitude of this force is sensitive to the size
and shape of the nanocrystals, and can be used to trigger the assembly of nanocrystals into aggregates with
a temperature-sensitive morphology (Figure 13Dc-g).195-197:200

Besides the addition of an antisolvent, the use of other additives such as polymers or surfactants
can induce the flocculation of nanocrystals through depletion interactions.?°* Since the magnitude of these
interactions depend on the size of the additive relative to the nanocrystal (< R/Rgy, where Ry is the gyration
radius of the depletant) and its volume fraction in the mixture, depletion forces can be used to separate and
isolate specific sizes and shapes of nanocrystals from a polydisperse ensemble. For instance, the use of the
most common surfactant in nanocrystal synthesis, oleic acid, has allowed the size-selective precipitation of
spherical nanocrystals of Mng 44Fe2 5604, decreasing the sample polydispersity from 11.5 % to 7.2% (Figure
13E).%2 Notably, depletion interactions are very sensitive to shape as this influences the magnitude of the
depleted volume. Since planar structures result in larger depleted volumes than spheres, the addition of a
depletant, such as oleic acid or cetyltrimethylammonium chloride, to the synthetic mixture of
nanoplatelets®”2%® with spheres results in the efficient separation of the two populations. Upon addition of
oleic acid, the CdSe nanoplatelets assemble into stacks or ribbons (Figure 13F),%* allowing for the
separation of nanocrystals by shape. The controlled use of depletion interactions can induce the formation
of nanocrystal superlattices: In a successful demonstration, Baranov et al. triggered the crystallization of
CdSe/CdS nanorods into superlattices by increasing the volume fraction of depletants such as oleic acid
and poly(ethylene glycol) methacrylate (Figure 13G).2% Since the magnitude of depletion interactions
increases with thermal energy, Wu et al. were able to induce the self-assembly of nanocrystals into
superlattices at temperatures higher than 230 °C.2%

The use of external triggers, such as static or variable electromagnetic fields, can induce the
assembly of nanocrystals to yield a more monodisperse product from a polydisperse ensemble. For instance,
the resonant photoexcitation of semiconductor nanocrystals can induce photoetching, causing a shift in the
distribution of sizes within the ensemble (Figure 13H).2” This mechanism can be considered a particular
case of hole burning®® and has been studied in detail for aqueous dispersions of CdS,?":20%-211 and more
recently, CdTe?'2 nanocrystals. Since nanocrystals dispersed in water are usually charged, electric fields
can be used to isolate specific fractions of the ensemble. This method, known as electrophoresis, has been
explored in the literature since the 90’s as a way to deposit ordered films of nanocrystals on a substrate.?*
215 However, the possibility of using the different charges attached to nanocrystals with different sizes for
sorting purposes remains relatively unexplored. The same concept can also be extended to magnetically
responsive nanocrystals with the use of static magnetic fields.?1%2” The main downside of using external
triggers for nanocrystal separation consists in the lack of generalized approaches to identify
nanocrystal/trigger pairs: each nanocrystal type needs to be responsive to the selected trigger for the method
to succeed. The use of nanocrystal heterostructures that pair orthogonal physical responses within the same
nanoscale colloid, such as hetero-dimers,?#-220 might eventually remove this limitation.

Specific designs of sample environment can also help extract predetermined sizes and shapes from
a polydisperse nanocrystal ensemble. Recent advances in lithographic patterning have allowed the
extension of template-assisted assembly from the microscale down to the nanoscale.??'222 Pairing nanoscale
patterning with self-assembly has resulted in the trapping of specific sizes and shapes of individual
nanocrystals and their clusters in the nanometric recesses of solid-state substrates (Figure 131).22-2%¢ The
design of the trap must be carefully optimized to achieve the stable trapping of nanocrystals,??® which can
then be released to generate a monodisperse dispersion.??” The trapping of nanocrystals with
complementary properties within neighboring or adjacent trap sites can lead to the development of
interesting new optical features. For instance, trapping a nanophosphor near a plasmonic nanocrystal results
in the enhancement of the PL signal.??® Instead, trapping several gold nanocrystals within the same trap can
result in the development of optical features from the assembled structure as a whole; this has been
demonstrated for the case of equilateral triangles of gold nanorods and metamolecules of gold
nanospheres.?23225
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Figure 13. Strategies for the separation and purification of colloidal nanocrystals. (A) Absorption spectra
of CdSe nanocrystals separated after the addition of increasing amounts of antisolvent. Adapted with
permission from ref 189. from Murray, C. B.; Norris, D. J.; Bawendi, M. G. Synthesis and Characterization
of Nearly Monodisperse CdE (E = Sulfur, Selenium, Tellurium) Semiconductor Nanocrystallites. J. Am.
Chem. Soc. 1993, 115, 8706-8715. Copyright 1993, American Chemical Society. (B) Glassy and crystalline
structures self-assembled from CdSe colloidal nanocrystals undergoing flocculation under different
conditions. Adapted with permission from ref 191. Murray, C. B. Synthesis and Characterization of 11-VI
Quantum Dots and Their Assembly into 3D Quantum Dot Superlattices. PhD Dissertation, Massachusetts
Institute of Technology, Cambridge, MA, 1995. Copyright 1995, Massachusetts Institute of Technology.
(C) CdSe nanocrystal superlattice self-assembled through the controlled addition of antisolvent. Adapted
with permission from ref 192. Murray, C. B.; Kagan, C. R.; Bawendi, M. G. Self-Organization of CdSe
Nanocrystallites into Three-Dimensional Quantum Dot Superlattices. Science 1995, 270 (5240), 1335-
1338. Copyright 1995, The American Association for the Advancement of Science. (D) Critical Casimir
forces induce the self-assembly of glassy structures of CdSe nanocrystals. Adapted with permission from
ref 196. Marino, E.; Balazs, D. M.; Crisp, R. W.; Hermida-Merino, D.; Loi, M. A.; Kodger, T. E.; Schall,
P. Controlling Superstructure—Property Relationships via Critical Casimir Assembly of Quantum Dots. J.
Phys. Chem. C 2019, 123, 13451-13457. Copyright 2019, American Chemical Society. (E) The use of
depletion forces through the controlled addition of oleic acid narrows the size distribution of Mng 4sF€25604
nanocrystals. Adapted with permission from ref 202. Li, D.; Yun, H.; Diroll, B. T.; Doan-Nguyen, V. V.
T.; Kikkawa, J. M.; Murray, C. B. Synthesis and Size-Selective Precipitation of Monodisperse
Nonstoichiometric MxFe3-X04 (M = Mn, Co) Nanocrystals and Their DC and AC Magnetic Properties.
Chem. Mater. 2016, 28, 480-489. Copyright 2016, American Chemical Society. (F) Ribbons of stacked
CdSe nanoplatelets assembled through the addition of excess oleic acid. Adapted with permission from ref
204. Jana, S.; de Frutos, M.; Davidson, P.; Abécassis, B. Ligand-Induced Twisting of Nanoplatelets and
Their Self-Assembly into Chiral Ribbons. Sci. Adv. 2017, 3, e1701483. Copyright 2017, Creative Commons
Attribution Noncommercial License 4.0. (G) Crystalline superstructures of CdSe/CdS nanorods formed
through the addition of excess oleic acid. Adapted with permission from ref 205. Baranov, D.; Fiore, A.;
van Huis, M.; Giannini, C.; Falqui, A.; Lafont, U.; Zandbergen, H.; Zanella, M.; Cingolani, R.; Manna, L.
Assembly of Colloidal Semiconductor Nanorods in Solution by Depletion Attraction. Nano Lett. 2010, 10,
743-749. Copyright 2010, American Chemical Society. (H) Absorption spectra of CdS nanocrystals
undergoing size selection through photoetching. Adapted with permission from ref 207. Matsumoto, H.;
Sakata, T.; Mori, H.; Yoneyama, H. Narrowing Size Distribution of CdS Nanocrystals by Size Selective
Photocorrosion. Chem. Lett. 1995, 24, 595-596. Copyright 1995, CSJ. (1) Trap-mediated separation of 130
nm gold nanorods and 80 nm NaYF*Yb** Er®* nanophosphors. Adapted with permission from ref 223.
Greybush, N. J.; Saboktakin, M.; Ye, X.; Della Giovampaola, C.; Oh, S. J.; Berry, N. E.; Engheta, N;
Murray, C. B.; Kagan, C. R. Plasmon-Enhanced Upconversion Luminescence in Single Nanophosphor—
Nanorod Heterodimers Formed through Template-Assisted Self-Assembly. ACS Nano 2014, 8, 9482-9491.
Copyright 2014, American Chemical Society.

3.3 - Spectral Diffusion — Broadening from Environmental Factors

Measured over short times (ns), the linewidths of some colloidal QD emitters are already nearing the
transform limit imposed by the radiative lifetime.52 However, when measured over longer times, the
emission peak position of almost all known guantum emitters (not just colloidal QDs) drifts over time
(Figure 14). This drift of the emission peak, known as spectral diffusion, can be an important contributor
to the linewidth of colloidal emitters. Spectral diffusion is a ubiquitous phenomenon and is often easily
observed at cryogenic temperatures where the various phonon broadening contributions from the emitter
and its environment have been reduced. Indeed, spectral diffusion has been reported from single emitters
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in systems as diverse as diamond vacancies (Figure 14A),?% epitaxially grown 111-V QDs (Figure 14B)%°,
single organic molecules (Figure 14C)*0, colloidal 11-V QDs (Figure 14D)*!, and colloidal halide
perovskite QDs (Figure 14E).®? For colloidal materials, spectral diffusion has been reported for shapes
including nanorods?*? and nanoplatelets?®® and dot-rod heterostructures?. In many of these systems, not
only does the instantaneous emission energy change with time, but the intensity (PL quantum yield) varies
as well. This intensity variation is known as fluorescence intermittency,?®® blinking,?® or flickering,?72%
and is often coupled with spectral diffusion, as the non-radiative recombination rate and emission energy
both fluctuate, sometimes due to related processes, as we discuss below.
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Figure 14. Tracking spectral diffusion via grating spectroscopy for (A) nitrogen vacancy centers,??® (B)
epitaxial 111-V QDs,?° (C) Single organic molecules (dibenzoterrylene - DBT),?® (D) 11-VI colloidal QDs
(CdSe/ZnS),?! and (E) metal-halide perovskite QDs (CsPbBrs)®2. Panel A is adapted with permission from
ref 228. Acosta, V. M.; Santori, C.; Faraon, A.; Huang, Z.; Fu, K. M. C.; Stacey, A.; Simpson, D. A;;
Ganesan, K.; Tomljenovic-Hanic, S.; Greentree, A. D.; Prawer, S.; Beausoleil, R. G. Dynamic Stabilization
of the Optical Resonances of Single Nitrogen-Vacancy Centers in Diamond. Phys. Rev. Lett. 2012, 108, 6
11. Copyright 2012, Creative Commons Attribution 3.0. Panel B is adapted from with permission ref 229.
Rice, J. H.; Robinson, J. W.; Jarjour, A.; Taylor, R. A.; Oliver, R. A.; Andrew, G.; Briggs, D.; Kappers, M.
J.; Humphreys, C. J. Temporal Variation in Photoluminescence from Single InGaN Quantum Dots. Appl.
Phys. Lett. 2004, 84, 4110-4112. Copyright 2004, AIP Publishing. Panel C is adapted with permission from
ref 230. Moradi, A.; Ristanovi¢, Z.; Orrit, M.; Deperasinska, 1.; Kozankiewicz, B. Matrix-Induced Linear
Stark Effect of Single Dibenzoterrylene Molecules in 2,3-Dibromonaphthalene Crystal. ChemPhysChem
2019, 20, 55-61. Copyright 2019, John Wiley and Sons. Panel D is adapted with permission from ref 231.
Ibuki, H.; Ihara, T.; Kanemitsu, Y. Spectral Diffusion of Emissions of Excitons and Trions in Single
CdSe/ZnS Nanocrystals: Charge Fluctuations in and around Nanocrystals. J. Phys. Chem. C 2016, 120,
23772-23779. Copyright 2016, American Chemical Society. Panel E is adapted with permission from ref
62. Utzat, H.; Sun, W.; Kaplan, A. E. K.; Krieg, F.; Ginterseder, M.; Spokoyny, B.; Klein, N. D,;
Shulenberger, K. E.; Perkinson, C. F.; Kovalenko, M. V.; Bawendi, M. G. Coherent Single-Photon
Emission from Colloidal Lead Halide Perovskite Quantum Dots. Science 2019, 363 (6431), 1068-1072.
Copyright 2018, The American Association for the Advancement of Science.
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Given its ubiquity, spectral diffusion has been studied in systems such as I11-V1 colloidal QDs and
[11-V epitaxial QDs,?*2* and less well in newer materials systems including halide perovskite QDs.#2243
Consistent with the focus of this Chemical Review, we emphasize spectral diffusion in colloidal emitters.
Nevertheless, it is useful to compare trends observed across many systems. For single colloidal emitters,
spectral diffusion represents an important contribution to the total linewidth, especially at lower
temperatures. Generally, spectral diffusion is less well studied than PL intermittency (i.e., blinking) in
colloidal QDs, in part because of the drive to use colloidal QDs as fluorescent biological labels for single-
particle tracking. However, as interest develops in employing colloidal emitters in quantum information
science, including their use as single-photon sources and spin-qubits®¥2, it is important to understand and
minimize spectral diffusion, so that emitters may approach transform-limited linewidths needed for use as
sources of coherent quantum light.

3.3.1 - Causes of Spectral Diffusion Behavior in Colloidal Materials

One reason spectral diffusion is so common is that both the environment, and the emitter fluctuate in time.
Rearrangements of local bond geometries, dipole moments and, notably, charges all perturb the potential
energy landscape of both the ground and excited states of a quantum emitter, leading to spectral shifts across
many different timescales.?**24¢ While some of these rearrangements can be frozen out at low
temperature, 2420 others are induced by the photoexcitation itself,?>! and need to be understood and
suppressed with different strategies.

Perhaps one of the most important sources of spectral diffusion and fluorescence intermittency (or
blinking) in colloidal QDs is the photoinduced charge redistribution in the QD, its surface, and the
surrounding environment. This effect was known from the epitaxial semiconductor quantum-well
literature,?®2 and explored by Bawendi et al. for CdSe QDs,® for which they explained spectral diffusion in
terms of a Quantum Confined Stark Effect (QCSE). Importantly, they demonstrated, first, that applied
electric fields could shift the PL of single CdSe emitters (Figure 15A) and, second, that the largest spectral
jumps often accompany blinking-off and blinking-on events (Figure 15B).1* This correlation between
blinking events and spectral diffusion is highly suggestive, since dark states are widely attributed to
photoionization events,?>3-2% with the residual charge leading to a dark (non-emissive) dot via an efficient
Auger process.?32% Further evidence in support of this mechanism was provided by direct confirmation
of QD photoionization via electrostatic force microscopy,?’ and also by the observation that QDs with
wide-gap shells that prevent photoionization also tend to suppress blinking?*®2%! and reduce spectral
diffusion.262-264
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Figure 15. (A) Application of an external electric field to CdSe QDs between interdigitated electrodes.
With the application of external field the emission energy of the QD shifts, this observed spectral diffusion
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behavior can be described with the Quantum Confined Stark Effect (QCSE).? (B) Electrostatic force
microscopy of CdSe QDs on poly-vinylbutyral (PVB) on highly oriented pyrolytic graphite (HOPG). Image
(a), (b) and (c) correspond to the change in cantilever resonance frequency, at ®, and 2®. A neutral QD is
indicated by the circle, the arrow indicates a positively charged QD.?" Panel A is adapted with permission
from ref 265. Empedocles, S. A.; Bawendi, M. G. Quantum-Confined Stark Effect in Single CdSe
Nanocrystallite Quantum Dots. Science 1997, 278 (5346), 2114-2117. Copyright 1997, The American
Association for the Advancement of Science. Panel B is adapted with permission from ref 257. Krauss, T.
D.; Brus, L. E. Charge, Polarizability, and Photoionization of Single Semiconductor Nanocrystals. Phys.
Rev. Lett. 1999, 83, 4840-4843. Copyright 1999, American Physical Society.

Furthermore, in colloidal systems including CdSe, CdSe/ZnS, and CsPbBrs, studies report that
exciting a QD far above the bandgap leads to increased spectral diffusion and blinking, presumably because
the excess energy increases the chance of photoionization,?°:266-268 or that the excess above-gap energy can
lead to rearrangements, including motion of trapped charge, at the QD surface.

Within a photoionization model, we expect the surface of the QD to play a critical role. Not only
is the surface (or a strained core/shell interface) a likely source of charge trapping, but the ligands
themselves can play a role in charge localization. For instance, adsorption of a single QD surface ligand
can result in near complete quenching of a QD fluorescence,?®® and we speculate that rearrangements in the
organic ligand shell could be important. Indeed, Braam et al. used a simple model based on the Stark effect
to calculate that the rearranging charges responsible for spectra diffusion reside either directly on the QD
surface or in its ligand shell.2® Using Photon Correlation Fourier Spectroscopy (PCFS) Beyler et al. were
able to probe spectral diffusion dynamics across microsecond timescales inaccessible to grating
spectroscopy. They observed variations in spectral diffusion rate and magnitude, which they rationalized
as ligand rearrangement perturbing trapped carriers within the QD.?*® Other studies report that the
magnitude of spectral diffusion is independent of polymer matrix, again suggesting that the QD and its
surface are essential variables.”® Many other reports have implicated surface chemistry in spectral diffusion.
Early work by Empedocoles et al. compared organic-ligand-coated CdSe QDs with CdSe overcoated with
ZnS.%! They reported that QDs coated only with organic ligands exhibited larger spectral shifts, confirming
the importance of surface states in spectral diffusion. Trapped surface charges have also been reported to
modulate the strength of the exciton-phonon coupling via the Frohlich interaction, which emphasizes the
importance on controlling surface chemistry in order to minimize the homogeneous/dynamic linewidth both
a short (sub-ns) times, as well as the longer times over which spectral diffusion is most important.?’

Finally, multi-exciton and Auger physics can also play a role spectral diffusion in colloidal QDs.
Although the exact threshold is system dependent, high intensity illumination, on the order of ~20 uJ/cm?
for single CdSe/ZnS QDs?" (as often occurs in confocal systems trying to achieve high signal levels) can
excite biexciton states, which, in addition to opening high-efficiency Auger decay pathways leading to
charged QDs, %827 can also have spectrally distinct emission features.?’#2™> As a result QDs excited at
higher excitation intensities also tend to exhibit more spectral diffusion and blinking?®62!, as well as more

complex spectral line shapes associated with the radiative decay of species such as biexcitons and
tri0n5.231'276'277

3.3.2 - Prospects for Reducing Diffusion and Blinking.

In some ways, the importance of photoinduced charge fluctuations in controlling spectral diffusion of QDs
is similar to the significance of surface state charge fluctuations in diamond vacancy emission. This
suggests that improved understanding of interface and surface passivation in QDs could potentially reduce
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spectral diffusion. For nitrogen vacancy (NV) centers, great progress was made in reducing lifetime
variation?™8, spectral diffusion and fluorescence intermittency?”® in near-surface defects, improving the
quality of shallow, implanted defect centers relative to naturally occurring vacancies by optimizing
fabrication and implementation conditions.?®° For example, pulsed Optically Detected Magnetic Resonance
(ODMR) measurements (Figure 15A), which allow for estimation of NV center linewidth, of the as
fabricated NV centers demonstrated improved linewidths compared to previously reported values for defect
centers.?!
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Figure 16. Surface control of linewidth and intermittency. (A) Pulsed Optically Detected Magnetic
Resonance (ODMR) Linewidth for single nitrogen vacancy (NV) centers grown by incorporation during
growth of purified *2C film. Each trace represents the linewidth of a single defect center after successive
etch steps. The blue trace represents typical NV Center linewidths (102 kHz = 4.14 x 107 eV). The red
trace represents the minimal possible linewidth due to microwave broadening.?®* (B) Non-blinking fraction
of “giant-shell” CdSe/CdS for different core diameters as a function of shell thickness black = 2.2 nm, red
= 3.0 nm, green = 4.0 nm, and blue = 5.5 nm.?*° Panel A is adapted with permission from ref 281. Ishikawa,
T.; Fu, K. M. C.; Santori, C.; Acosta, V. M.; Beausoleil, R. G.; Watanabe, H.; Shikata, S.; Itoh, K. M.
Optical and Spin Coherence Properties of Nitrogen-Vacancy Centers Placed in a 100 Nm Thick Isotopically
Purified Diamond Layer. Nano Lett. 2012, 12, 2083-2087. Copyright 2012, American Chemical Society.
Panel B is adapted with permission from ref 259. Ghosh, Y.; Mangum, B. D.; Casson, J. L.; Williams, D.
J.; Htoon, H.; Hollingsworth, J. A. New Insights into the Complexities of Shell Growth and the Strong
Influence of Particle Volume in Nonblinking “Giant” Core/Shell Nanocrystal Quantum Dots. J. Am. Chem.
Soc. 2012, 134, 9634-9643. Copyright 2012, American Chemical Society.

In contrast, while much is known for colloidal materials, there is still much that is unknown. It remains
an open question for instance, if the high dielectric constant of halide perovskites?®2 and large polaron
physics?® might contribute to making them more resistant to local environmental charge fluctuations (at
least on slower timescales), or if shelling strategies reaching atomic precision with sufficient thickness can
eliminate coupling to surface defects entirely, thereby suppressing the largest sources of spectral diffusion.

3.3.2.1 - Surface and Interface Control for Reducing Blinking and Spectral Diffusion

As previously mentioned, growing wide-bandgap inorganic shells over colloidal QDs has been a subject of
intense study, and is known to help suppress blinking, and, to a less-studied extent, spectral diffusion as
well.?5 In early work, ZnS shells minimized spectral diffusion for CdSe, though large dot-dot variations
in the effectiveness of this approach suggested that early shelling strategies yielded incomplete shell
coverage or led to the incorporation of defects at the CdSe/ZnS interface.?! Later synthetic work improved
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the quality of core-shell interfaces by optimizing shell thickness and composition, resulting in QDs
displaying suppressed blinking, with 68% of QDs remaining bright for measurement times of 5 minutes
with minimal blinking.?%* Interestingly, the authors found that the non-blinking fraction depended strongly
on the number of shell monolayers, highlighting the importance of optimizing thicker shells for achieving
non-blinking QDs. Further improvements in ensemble PL quantum yield (PLQY) and reductions in dot-to-
dot inhomogeneity were achieved by optimizing the synthesis of Giant-Shells (>10 shell monolayers);?% in
this case the percentage of non-blinking QDs depends on both core diameter and the number of shell
monolayers (Figure 16B).2%® In later work Ghosh et al. reported that the fraction of non-blinking giant
shells CdSe/ZnS QDs synthesized via Successive lonic Layer Adsorption and Reaction (SILAR) could be
as high at 85% during 60 minutes of continuous observation.?® Similar work in 111-1V InP QDs corroborated
the importance of the core-shell interfaces in those materials. Lee et al. investigated varying interface
compositions of core-shell-shell InP/ZnSe1.xSx/ZnS QDs and attributed reduced blinking and spectral
diffusion to strain reduction via gradient shells: a midshell composition of ZnSe 75S0.25 led to minimization
of defects at the interface through reduced lattice strain, resulting in a decrease in overall PL linewidth
(Figure 16A) compared to other gradient midshell compositions.?4

3.3.2.2 - Cavity Control

Another promising, though less studied, strategy for mitigating spectral diffusion is the use of optical
cavities or nanoscale plasmonic antenna to modulate the emissive properties of colloidal QDs. For a
guantum emitter weakly coupled to a photonic cavity or antenna structure, the radiative decay rate is given
by Fermi’s Golden Rule:

Ty = o <ty H'[th; > p(E) 3)

Here, the intrinsic radiative decay rate, I;_,f, is given by the transition matrix elements <y{H'lyi > where yi
and y: represent the wavefunctions of the initial and final states (this same relationship determines the
absorption coefficient). Importantly, the density of states term contains a contribution from the local
photonic mode density (or local density of optical states LDOS p(E)),?* which quantifies the density of
electromagnetic modes available at that point in space. Classic cavity structures including microcavities,?®*
waveguides,? and metasurfaces,?®® and plasmonic structures such as metal nanocrystals, -2 can all
modify the local photonic mode density, enhancing (or suppressing) the radiative decay rate of an emitter.?%
Cavity coupling is frequently used with quantum emitters because enhancing the radiative decay rate,
(reducing the population lifetime (T1)) is advantageous when seeking to obtain a transform-limited
linewidth. However, we note that cavity coupling can also help reduce spectral diffusion and fluorescence
blinking; by increasing the radiative decay rate, light emission can more easily outcompete non-radiative
processes such as photoionization events that contribute to spectral diffusion and blinking. Indeed, cavity
integration has been shown to reduce spectral diffusion in epitaxial QDs, likely through radiative rate
enhancement.?%02%229 The effects of cavity coupling the spectral diffusion of colloidal emitters has been
less well studied; however, Huang et al. reported that cavity integration suppressed spectral diffusion and
reduced emitter linewidth for temperatures of up to 40 K for halide perovskite nanoplatelets coupled to a
quasi-2D cavity (Figure 17B).2** While there are fairly few studies of spectral diffusion of colloidal QDs
in cavities, we can infer the positive effects might be more general by examining the larger literature on the
effect of cavity integration on the related problem of blinking statistics of colloidal emitters. For example,
Novotny et al. found that a QD emitter coupled to a plasmonic cavity emitter shows a slowed on-to-off
state transition, resulting in a reduction in PL blinking relative to uncoupled QDs.?® Similar results were
demonstrated by Yuan et al., who coupled a CdSe/CdxZn1S gradient shell QD to a metallic mirror and
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observed 3.6-fold enhancement of the radiative lifetime as well as a reduction in the photoionization rate.?%
Given the rapid advances that have been made in nanophotonics, metasurfaces, and cavity integration, we
speculate that working to maximize radiative rate enhancement could be fertile ground to explore in the
quest to reduce spectral diffusion and blinking in colloidal materials. For instance, improvements in
radiative rates by maximizing the Purcell Factor can be realized through novel cavity designs for colloidal
materials integration®® and also by development of methods for nanoscale positioning and integration of
solution-processable emitters,29":2%
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Figure 17. Mitigation Strategies for spectral diffusion. (A) Surface engineering to reduce spectral diffusion
in varying interface compositions (Se to S ratio) of core-shell-shell InP/ZnSe1xS,/ZnS QDs. Frequency
shifts histograms are plotted for 40-60 single-dot QDs, fit to Gaussian functions, and the FWHMSs are used
compare the magnitude of spectral diffusion that occurs in each QD composition. The FWHMSs of the
Gaussian peaks are shown.?®* (B) Cavity integration and reduction of spectral diffusion. Angle Resolved
Emission (emission angle measured at & = sin“!(ky/ko) linewidth of the perovskite nanoplatelet (CsPbBrs)
wspe integrated with a quasi-2D cavity (schematic left) of k; measured at 35 K. ki and k- mark the positive
and negative k; values where line width broadening is suppressed (minimal emitter and cavity detuning),
via minimization of spectral diffusion channels.?®* Panel A is adapted with permission from ref 264. Lee,
Y.;Jo,D.Y.; Kim, T.; Jo, J. H.; Park, J.; Yang, H.; Kim, D. Effectual Interface and Defect Engineering for
Auger Recombination Suppression in Bright InP/ZnSeS/ZnS Quantum Dots. ACS Appl. Mater. Interfaces
2022, 14, 12479-12487. Copyright 2022, American Chemical Society. Panel B is adapted with permission
from ref 294. Huang, Y.; Su, R.; Wang, Y.; Zhu, C.; Feng, J.; Zhao, J.; Liu, Z.; Xiong, Q. A Fano Cavity —
Photon Interface for Directional Suppression of Spectral Diffusion of a Single Perovskite Nanoplatelet.
Nano Lett. 2022, 22, 8274-8280. Copyright 2022, American Chemical Society.

3.3.2.3 - External Tuning

Finally, beyond surface chemistry and the integration of colloidal materials with nanophotonic
cavities to control the environment, we propose it may also prove useful to develop mechanisms to tune
emitters, which could conceivably be used to actively cancel residual spectral diffusion at longer timescales.
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As one possible strategy, one could use the Quantum Confined Stark Effect (QCSE) via an external applied
electric field to tune the emitter to the cavity mode. Along these lines, Thomas et al. demonstrated that
spectral diffusion can naturally bring an emitter into cavity resonance and thereby exhibit strong
emitter/cavity coupling, an important proof of concept for applying external electric field to tune an emitter
into cavity resonance.?® It is possible that other effects could be used to tune the emission energy rapidly
and dynamically, for example, strain tuning of the emitter resonance, which was shown to shift the bandgap
of a single halide perovskite QD coupled to a gap-plasmon cavity.®® In general, while active tuning
approaches have not received significant attention for colloidal materials to date, we predict they will be of
increasing interest as technologies for synthesizing high quality QDs and integrating them into cavity
structures become more mature.

Overall, while spectral diffusion contributes to the broadening of spectral lines in a wide range of
colloidal materials, we believe the field has not yet reached the ultimate limit of suppressing diffusion, and
there exist both intrinsic chemical strategies, such as control over surface chemistry, as well as technological
strategies, such as the use of cavities structures or active feedback to mitigate spectral diffusion in specific
applications.

4. Current State of Knowledge and Technology by Material
In this final main section of the review, we document our current state of knowledge and the current state
of the art when it comes to narrow emission across the different classes of semiconductors made in
solution. Specifically, we will focus on i) QDs including 11-VI, IV-VI, and I11-V compositions, ii) halide
perovskites including 3D and 2D structures as well as nanocrystals, iii) transition-metal and rare-earth
doped nanocrystals, and iv) organic molecules. Graphical and tabular summaries are provided in Figure
18 and Tables 1-7 for quick reference.
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Figure 18. PL emission maximum versus emission linewidth of different materials summarized in section
4.

4.1 — Quantum Dots and Nanoplatelets: 11-VI, IV-VI, and 111-V
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Early efforts towards solution synthesis of colloidal semiconductors resulted in materials with size-
tunable absorption onsets and diffuse absorption features arising from ensemble heterogeneity.** Over
more than three decades, new synthetic approaches have been developed and synthetic parameters have
been optimized to minimize the linewidths of both excitonic absorption features and PL emission.!89302 |n
this section we will discuss the current state-of-the-art for ensemble PL linewidths of colloidal 11-VI, V-
VI, and I11-V QDs and related nanoplatelets synthesized in solution.

We begin with colloidal nanoplatelets. The optical properties of 11-VI nanoplatelets, in particular,
and their potential for light-emitting applications have been well reviewed.?®*%% Since these materials are
atomically defined in the critical quantum-confined dimension, we do not observe inhomogeneous
broadening, and ensemble linewidths are dictated by a truly homogenous dynamic broadening in each case
(Table 1).% This is true across the binary compositions of the 11-VI materials (CdSe, ZnSe, CdTe etc.),
where ensemble linewidths are in the range of 32-47 meV. Upon shell growth, with a wider band gap shell,
the quantum vyield generally increases above 50% for CdSe-based heterostructures, however this is
accompanied by an increase in the PL linewidth in the range of 60-74 meV. Some of this may come from
inhomogeneous shell growth leading to particle-to-particle variation or dynamic (possibly not truly
homogeneous) broadening factors resulting from shell growth. Synthesis strategies for growing shells with
atomic precision (e.g., colloidal ALD) allow for inhomogeneous broadening-free platelets to maintain this
feature after overcoating with a wide-bandgap shell.3%>3% Despite the atomic precision for shell growth,
these materials still have broader linewidths than corresponding core-only platelets. One standout example
is a multi-shell structure of 4CdSe/5CdS/2CdSe, which achieved a record narrow PL linewidth for solution-
grown platelet emitters of 47 meV. The exact origins of the narrow PL linewidth in these complex systems
are still unclear, however this approach has great potential considering the vast composition/layer sequence
parameter space available. Better understanding of the origins of the narrow PL linewidth in these complex
systems is needed for future rational design in this materials space. At low temperatures nanoplatelets
display dual band emission emerging from an emissive trion state®"3% which will need to be addressed for
application of these materials as single photon emitters. The one case where narrow linewidths have not
been achieved is in alloy 11-VI colloidal nanoplatelets. In these materials, despite atomic precision in the
guantum confined dimension, other sources of broadening due to inhomogeneous composition distributions
(either within single particles or within the ensembles) are at play. To date it is unclear if the single particle
linewidths of alloy platelets result from truly homogeneous broadening, dyamic broadening that is not
homogeneous, or static inhomogeneous broadening.

For the 11-VI QDs, especially CdSe, the synthesis and surface chemistry have been thoroughly
refined such that today it is possible to routinely obtain ensemble linewidths that are nearly identical to
those of single particles at room temperature (Table 2). The optical properties of 1I-VI QDs and their
potential for light-emitting applications have also been well reviewed 4194739312 Gjyen the volume of
excellent examples, instead of tabulating data for CdSe, we instead provide an example of a representative
synthesis that leads to such performance. State-of-the-art CdSe/CdS core/shell nanocrystals are typically
prepared via a 2-step reaction. First, wurtzite CdSe cores are synthesized via a well-optimized hot injection
method at 380 °C using a Cd-octadecylphosphonic acid complex as the cadmium source, trioctylphosphine-
Se as the selenium source, and trioctylphosphine oxide as the solvent. After purification, the CdS shell is
then slowly grown at high temperatures using Cd-oleate as the Cd source, 1-octanethiol as the sulfur source
and 1-octadecene as the solvent. These materials display narrow ensemble emission linewidths (67 meV at
room temperature). Further this synthesis strategy also results in a record quantum efficiency of 99.6+0.2%
measured using photothermal threshold quantum yield measurements.®®* Importantly this quantum yield
measurement technique decreases the uncertainty to 0.2% compared to relative dye methods and integrating
sphere techniques which intrinsically have 2 to 5% uncertainty. This high luminescence efficiency and
narrow linewidth make these materials competitive for applications beyond color conversion for displays
including optical refrigeration, thermophotovoltaics, and thermal energy storage in optical cavities.33

In addition to the impressive quantum efficiency and linewidths of the CdSe/CdS system, they also
have single particle linewidths that are the same as the ensemble linewidth at room temperature. This
indicates that synthesis science for these materials has achieved sufficient size, shape, etc. control such that
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homogenous broadening dominates, and thus developing strategies to narrow the homogenous linewidth at
room temperature is needed. It is known that the homogenous linewidth of QD emitters decreases at low
temperature, thus for well-developed I1-VI materials such as CdSe/CdS a new goal could be to achieve
identical single particle and ensemble linewidths at low temperature. While the CdSe/CdS system is the
most well-developed in terms of linewidth and stability for dot-based emitters, it is limited due to the
toxicity of cadmium - particularly for thick-shelled samples, the mole percent of cadmium per dot can be
quite high.

Other 1I-VI QD materials systems have been explored to expand the accessible emission
wavelengths or to minimize/eliminate concerns relating to Cd toxicity. For example, CdSe/ZnS emitters
are advantageous because they have less Cd per dot as only the small volume core contains cadmium.
However, the large lattice mismatch limits the thickness of shell which can be gown and the strain leads to
non-uniform shell growth. As a result, state-of-the-art CdSe/ZnS emitters display broader emission
linewidths and lower quantum yield compared to their CdSe/CdS counterparts. To get blue emission,
CdS/zZnS and ZnSe/ZnS materials have been explored and both materials systems have accessed
wavelength ranges inaccessible to the CdSe system. For the CdS/ZnS system, it is likely that the small size
of the CdS core needed to achieve blue luminescence means this system is very sensitive to the size
distribution - the small size likely leads to significant dynamic broadening. For the ZnSe/ZnS system, blue
emission is feasible from weakly-confined systems, and thus ZnSe/ZnS emitting at 2.78 eV have displayed
narrow (62 meV) PL linewidth and high (95%) quantum yield, representing a powerful path forward.

More generally, the size dependence of the emission energy is intrinsically tied to the band structure
(carrier effective masses and dielectric constant) of a given material and thus provides intuition for the
sensitivity of the inhomogeneous broadening to polydispersity. A loose trend can be seen that materials
with larger Bohr radii show broader ensemble emission linewidths than materials with smaller Bohr radii.
Therefore, preparing nanocrystals with size larger than the Bohr exciton radius is another design principle
for narrow ensemble emission linewidths. In this weak confinement regime, the weak size dependence of
the emission energy makes the emission properties much less sensitive to the size distribution. Examples
of this include most lead halide perovskite nanocrystals (discussed in the next section), large ZnSe/ZnS
nanocrystals, large CdZnSe, and large CdSe cubes.®*® To highlight the power of this approach, strongly-
confined ZnSe/ZnS nanocrystals display a broad 130 meV linewidth at 2.99 eV compared to large, weakly-
confined ZnSe/ZnS nanocrystals that display much narrower 68 meV linewidth at 2.78 eV. A drawback of
this approach is that the emission energy is no longer able to be broadly tuned by size, thus limiting
wavelength options when designing materials. One way to mitigate this effect is to use ternary alloy systems
to achieve narrow PL linewidths in large alloy nanocrystals.

Due to the comparatively reactive precursors and larger bond energies, synthesis science in
colloidal 111-V nanocrystals has progressed more slowly than the 11-VI materials in terms of size and shape
control, although significant strides have been made in recent years.3!631” As such, ensemble linewidths in
these materials are typically broader than their corresponding single particle linewidths (Table 3). For
visible display relevant emission energies, InP/ZnE (E=S,Se) is the most well-developed system. In this
class, PL emission linewidths are typically in the range of 115-220 meV, which is significantly broader
than their respective 11-VI visible emitter counterparts (e.g., CdSe/CdS). Importantly single particle
linewidths of InP based QDs are nearly identical to I1-VI based systems, which suggests that further
improvement in synthetic control of size distribution and other sources of heterogeneous spectral
broadening should enable the community to eliminate inhomogeneous broadening. There are additional
challenges with InP intrinsic to the material. For example, the Bohr exciton radius of InP is 15nm compared
to 5.3nm for CdSe. This results in a stronger size dependence of the emission energy, thus for the same size
polydispersity, InP will have a broader emission linewidth compared to CdSe. The best performing InP/ZnE
quantum dots have required careful control of the core size distribution by regulating the reactivity of the
In and P precursors and the formation of a highly crystalline and uniform ZnSe/ZnS multishell
heterostructure. Using this strategy, 95% PLQY and 36 nm FWHM for green-emitting InP QDs has been
achieved.®!® Taking these strategies one step further, InP/ZnSe/ZnS QDs with unity quantum yield and
FWHM of 35 nm at 630 nm allowed for preparation of red LEDs with EQE 21%.%° In this example, the
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uniformity of the InP core was achieved through separation of nucleation and growth through continuous
precursor injection. A 3.6 nm ZnSe interlayer was deposited with in situ etching of the oxide surface of the
InP using hydrofluoric acid.

InP remains the most developed I11-V colloidal nanocrystal system due to its relevance for display
applications. For visible applications other candidates include small GaAs nanocrystals and Ini.xGaxP
nanocrystals which have band gaps suitable for quantum-confined visible emission. Thus far solution grown
GaAs nanocrystals have yet to display band edge emission. Preparation of ternary gallium containing Il1-
V phases such as In1.xGaxP have developed quite slowly due to the reactivity and oxophilicity of gallium at
high temperatures. Direct synthesis routes and conversion routes using molten salt solvents to perform
gallium cation exchange on InP nanocrystals have achieved Ini«GaxP nanocrystals with emission
linewidths in the range of 170-317 meV which is broader than comparable InP-based emitters. Potential
other 111-V visible emitters such as GaP, AlAs, and AIP all have indirect band gaps in bulk, limiting their
application for light emission applications. In;xGaxN represents a final candidate for visible-emitting 111-V
colloidal nanocrystals, however, to date synthetic methods to synthesize these materials have not been
developed. Progress has been made with the colloidal synthesis of GaN nanocrystals and nanorods, however
band edge emission still remains elusive in solution derived 111-N materials.®?® Promisingly, the success of
nitride-based visible and UV emitters synthesized grom gas phase CVD and MBE growth suggest that these
materials have considerable potential. Based on this, there remain many opportunities for synthesis science
developments to realize generalized preparation of visible 111-V emitters in solution.

To achieve materials with NIR emission, nanocrystals made of materials with narrower band gaps
are needed. One important class of materials in this space are the I\V-VI nanocrystals, in particular the PbE
(E=S,Se, Te) materials provide tunable bandgaps across the near- and mid-IR region (Table 4). Synthesis
science in these materials also developed more slowly than the visible-absorbing CdE materials however
recent development of tunable thio- and seleno-urea precursors enable synthesis of narrow size distribution
across a broad size range. For large sizes, the PL emission linewidths are quite narrow (down to ~65 meV)
for PbS nanocrystals.®?* For smaller nanocrystals of both PbS and PbSe, the PL linewidths are still quite
broad (>130 meV) despite the nearly monodisperse sizes that have been achieved with well controlled thio-
and selenourea precursors. For PbS, the nanocrystals show a sharp increase in Stokes shift for the small
sized materials, consistent with strong contribution from surface phonons. One approach to address surface
coupling limiting performance of small nanocrystals is to grow a wide band gap shell to localize the exciton
wavefunction away from the surface. Unfortunately for the lead chalcogenides there are not wide band gap
isostructural materials available for shelling. Some success in terms of luminescence efficiency have been
made by preparing PbS/CdS and PbSe/CdSe core/shell heterostructures via cation exchange. Unfortunately,
wide band gap shells created by partial cation exchange do not drastically improve the ensemble PL
linewidths for small nanocrystals. Low temperature growth of CdS shells on large PbS nanocrystals via
colloidal ALD has demonstrated narrow PL linewidths (92-44 meV for emission energies from 0.73-0.54
eV respectively). However, the same overgrowth approaches on small PbS nanocrystals (0.97 eV emission)
results in much broader (180 meV) emission linewidth. Thus, it appears that for large PbX colloidal
nanocrystals there is a path towards materials with emission linewidths of ~50 meV however in the short-
wave IR range, considerable development is needed to improve linewidth.

There are yet still concerns related to the toxicity of lead for colloidal QD IR emitters. As such,
other candidate materials for NIR and mid-IR emission include InAs and InSb, both of which have narrow
band gaps and their size tunable emission across the IR region. Like other I1I-V materials the synthesis
science of InAs has lagged that of comparable 1\VV-VI materials. In many cases, the ensemble PL linewidths
for InAs nanocrystals with various shell materials is in the ~200-300 meV range. One prodigious example
that stands out is the synthesis of InAs/CdSe using In(1)Cl and tris-dimethylaminoarsine as indium and
arsenic precursors respectively which displays well-defined excitonic absorption peaks across the near and
mid-IR. Subsequent growth of wide band gap CdSe shells results in bright emission (~10%) and narrow
(116-125 meV) linewidths for emission energies from 1.31-0.83 eV. Importantly narrow linewidths are still
achieved for the smallest core sizes filling an important spectral range where small PbX emitters have thus
far struggled to achieve narrow emission. For redder emission energies the narrow bulk band gap of InSh
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enables the material to span further into the infrared compared to InAs. This material has demonstrated
ensemble linewidths from 120-170 meV across emission energies from 1.17-0.67 eV, demonstrating
performance on par with the more well-developed InAs system. However, InSh is very unstable to oxygen
and moisture, as such robust shell growth approaches that do not increase the linewidth are needed. A final
candidate for IR emission is InN, however due to the band alignments of this material, it is heavily doped
and typically shows plasmonic features as colloidal nanocrystals.®?? Alloying InN with Ga, to make
colloidal InyGai-xN would allow tuning of NIR emission across the visible and NIR however there are not
yet established methods to synthesize alloy nitride materials using colloidal methods.

To summarize, for 11-VI, IV-VI and I11-V quantum dots and nanoplatelets, the following factors
should be considered in tandem when designing bright, tunable, less toxic, narrow emitters:

1)

2)

3)

4)

Atomically precise synthesis of core emitters — this is most clearly demonstrated in the cases
of nanoplatelets and 11-VI QD systems, where synthetic procedures have been optimized such
that there is atomic control in the quantum-confined dimension. Synthesis of I11-V and NIR
emitters lag behind, however an increasing understanding and control of precursor conversion
kinetics means that these materials will advance rapidly.

Minimally strained shells — here, CdSe/CdS is the golden standard where near-unity quantum
yield and narrow emission has been achieved. Again, atomically precise shell growth
techniques are now possible, and when the lattice strain between the core and shell material is
minimized, extremely narrow and bright emission will be possible for other materials as well.
Shells also interrupt coupling with surface phonon modes to minimize the effect of
homogeneous broadening.

Alloying — where an un-strained shell is not feasible or a material does not have a direct band
gap, a synthetic alternative to shelling could be alloying to achieve narrow band edge emission,
especially in less common spectral ranges (NIR).

Using materials with small Bohr exciton radii — since some materials are more susceptible to
inhomogeneous broadening as you tune the size and spectral window, an alternative to
developing atomically precise synthesis is to judiciously choose a material with a smaller Bohr
exciton radius in the desired spectral window. This may necessitate using a combination of
materials to cover wider emission ranges.

Table 1. Ensemble linewidths of representative 11-V1 colloidal nanoplatelets.

Composition PL Emission (nm | PL Linewidth (nm | PLQY (%) | References
or eV) or meV)
CdSe 395 nm (2 ML) 323
CdSe 463 nm (3 ML) 41 meV 324
Cdse 513 nm (4 ML) 31 meV 324
Cdse 550 nm (5 ML) 35 meV 324
CdSe 586 nm (6 ML) 9 nm (32.5 meV) 45 325
ZnSe 345 nm (4 ML) 41 meV 326
ZnSe 380 nm 39 meV 326
CdTe 428 nm 47 meV 821
CdTe 500 nm 28 meV 327
CdTe 556 nm 28 meV 321
HgTe 890 nm 57 meV 328
CdSe/Cdy7Zno3S 1.93 eV 60 meV 60 329
4 ML CdSe/CdxZn; xS 1.89 eV 56 meV 88 330
6 ML CdSe/CdxZn1,S 1.79 eV 57meV 92 330
CdSe/CdS/ZnS 1.87 eV 67 meV 78 330
CdSe/ZnS 2.00 eV 76 meV 52 330
CdSe/ZnSe 1.81eV 59 meV 47 330
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4 ML CdSe/1-6ML CdS 2.10-1.88 eV 74-67 meV 70 305
4 ML CdSe/5 ML CdS/2 1.88 eV 47.5 meV 305
ML CdSe
CdSeo.s5 So.15,4 ML 505 nm (2.45eV) 57 meV 331
CdSeo75 So.25,4 ML 495 nm (2.50 eV) 68.2 meV 331
CdSeo7 Sos,4 ML 488 nm (2.54 eV) 83 meV 331
CdSexS1x/ZnS x=0.15- 554-593 nm 109-88 meV 332
0.37 2.23-2.09 eV
CdSe,S1-x/CdyZny.,S 575-615 nm (2.15- 101-89 meV 332
x=0.15-0.37, y=0.25-0.54 2.01)
4.5 ML
CdSeo2S0/CdS 468 nm 136 meV (24nm) 333
(2.65 eV)

'For PL emission energies and linewidths expressed as ranges, the linewidth ranges are for the extrema of
the emission wavelengths, respectively. For references where the authors did not directly report the
emission peak properties, they were extracted from the published figures using the WebPlotDigitizer tool.
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Table 2. Ensemble linewidths of representative 11-VI colloidal nanocrystals

Composition | PL Emission | PL Linewidth | PLQY (%) References
(nm or eV) (nm or meV)
CdSe/CdS 620 nm (2.00 20 nm (67 97 335
eV) meV)
CdSe/CdS 640 nm 28 —32nm >97 813
(1.94eV) (85-97 meV)
CdSe 1.87-1.76 eV ~55 meV 815
CdSe/znS 532 26 nm 75 336
(2.33eV) (114 meV)
CdS/ZnSs 2.69-2.58 eV | 134-150 meV 837
CdS/ZnS 3.29-2.63 eV | 174-207 meV 338
ZnSe/ZnS 446 nm 10 nm 95 2
(2.78 eV) (62 meV)
ZnSe/ZnS 415 nm <18 nm >85 339
(2.99eV) (130 meV)
CdSe;-+Sx 414nm (2.99 | 21 nm (152 340
(x=0.7) eV) meV)
CdSe1xSy/CdS | 439-515 nm 30-52 nm 10-40% 84l
(x=0.2-0.8) | (2.82-2.41eV) (193-244
meV)
CdSe1-xSx 452-503 nm 31-40 nm 842
(x=0.25- (2.74-2.46 eV) (188-196
0.75) meV)
CdSeyxTex 756-822 nm 35-47 nm 30-60% 343
(x=0.4-0.66) | (1.64-1.51eV) | (74-86 meV)
Cd1xZnySe 472-574 nm 30-32 nm 344
(x =0.26- (2.63-2.16 V) (167-121
0.81) meV)
Cdi1-xZnsSe 2.61-2.36 eV 56-73 meV 344
Zn,Cd14S,Ses- | 440-647 nm 36-45 nm 40-65% 345
y (2.82-1.92 V)
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(x=0.1-09,y (231-133
=0.11-0.89) meV)
ZnSe1.xSx 388nm (3.20 | 22nm (181 65% 346
(x=0.4) eV) meV)

'For PL emission energies and linewidths expressed as ranges, the linewidth ranges are for the extrema of

the emission wavelengths, respectively. For references where the authors did not directly report the

emission peak properties, they were extracted from the published figures using the WebPlotDigitizer tool.
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Table 3. Ensemble linewidth of re

resentative 111-V colloidal nanocrystals

Composition | PL Emission | PL Linewidth | PLQY (%) References
(nmor eV)' | (nm or meV)!
InP/ZnSe/ZnS | 528 nm (2.35 | 36 nm (115 95 318
eV) meV)
InP/ZnSe/ZnS | 630 nm (1.97 | 35nm (109 ~100 819
eV) meV)
InP/ZnSeS/Zn 532 nm 35nm (153 97 347
S (2.33eV) meV)
InP/ZnS 480-590 nm 40-60 nm 50-70 348
(258-2.10eV) | (215-214
meV)
InP/GaP/ZnS | 484 nm (blue) 45 nm 71 349
InP/Zn(Se,S)/ | 480-630 nm 45 nm >90 350
ZnS
InP/ZnS 60 nm 60 348
InP/ZnS, 510-630nm | 4663 nm 80 %1
InP/ZnSe | (2.43-1.96¢eV) |  (219-197
meV)
InP/ZnSe 629 nm (1.97 | 47 nm (147 65 69
eV) meV)
In(Zn)P/ZnSe/ | 488 — 641 nm | 36 nm (green), 67, 56 32
ZnS (2.54-1.93eV) | 45 nm (red)
(187-135
meV)
InP/ZnSe/ZnS 42 (red) 93 353
InAs 760-970 nm 80-97 nm ~1 34
(1.63-1.28¢V) | (172- 128
meV)
InAs 1171-1348 nm | 200-303 nm S
(1.06-0.92eV) |  (182-209 355
meV)
InAs/CdSe 940-1490 nm | 116-125 meV ~10 3%
(1.31-0.83 eV)
INAs/CdSe/Cd | 930-1438 nm 161-284 nm 16-82 357
S (1.33-86eV) | (233-172
meV)
InSh 1458 nm 220 nm 358
(0.85eV) (129 meV)
InSh 1854 nm 466 nm 359
(0.67 eV) (170 meV)
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InSh 0.9-1.17eV | 120-150 meV 360
InixGaxP/ZnS | 497-635 nm ~ 63-54 nm 46 183
(x=0-0.6) |(2.49-1.95eV) | (317-166
meV)
Iny- 842 nm ~125 nm 9.8 183
xGaxAs/CdS (1.47 eV) (219 meV)
(x = 0.5)
In;. 560 nm ~41-47 nm 182
\Ga,P/(DDA), | (2.21eV) (162-186
S meV)
(x = 0.5-0.7)
InixGaxP/ZnS | 476-514 nm ~47-55 nm 361
(x=07) | (2.60-241eV)| (258-259
meV)
I 532-574 nm ~41-45 nm 361
GaPlZnSe | (2.33-2.16eV) | (180-170
(x=0.5) meV)
INAS1-xPx 652-738 nm 68-120 nm 1-2 362
(x=0.18- | (1.90-1.68eV) | (199-275 eV)
0.66)
INAS1.xShy 1325 nm (0.94 | 300 nm (215 363
(x=0.5) eV) meV)

'For PL emission energies and linewidths expressed as ranges, the linewidth ranges are for the extrema of
the emission wavelengths, respectively. For references where the authors did not directly report the
emission peak properties, they were extracted from the published figures using the WebPlotDigitizer tool.

Table 4. Ensemble linewidths of representative 1V-VI colloidal nanocrystals

Composition PL Emission PL Linewidth PLQY (%) References
(nm or eV) (nm or meV)
PbS 1024-1501 nm 178-68 meV 321
(1.21-0.83 eV)
PbSe 1095- 1265 nm | 164- 134 meV 130
(1.13- 0.98eV)
PbSe 1.00 eV 126 meV 364
PbSe/CdSe 0.73-0.63 eV 162-91meV 365
PbS/CdS 1.05-0.93 eV 286-184 meV 366
PbS/CdS 0.97 eV 180 meV 367
PbS/CdS 0.73-0.54 eV 92-44 meV 367
PbS 1.15-0.79 eV 170-64 meV 128
PbS 0.92eV 80meV 368
PbS1.xSex 1225nm (1.01 | ~161nm (134 369
(x=0.3) eV) meV)
PbS1.xSex 1000-1188 nm 188-250 nm 870
(x=0.2-0.8) (1.24-1.04 eV) | (235-222 meV)
PbS1.xSex 1233-1836 nm 199-147 nm 811
(x=0.11-0.86) (1.01-.67 eV) (163-54 meV)
PbTe1xSex 1248-1681 nm 200-291 nm s
(x =0.09-0.69) (0.99-.74 (160-129 meV)
PbTe1.xSx 1207-1234 nm 250-294 nm 811
(x=0.15-0.86) | (1.03-1.00eV) | (215-243 meV)
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For PL emission energies and linewidths expressed as ranges, the linewidth ranges are for the extrema of
the emission wavelengths, respectively. For references where the authors did not directly report the
emission peak properties, they were extracted from the published figures using the WebPlotDigitizer tool.
334
4.2 — Metal Halide Perovskites: 3D, 2D, and Nanocrystals
4.2.1 - 3D Perovskites

Hybrid halide perovskites have ascended into a central class of semiconductor research due to their
tunable optoelectronic properties and low-temperature solution synthesis-processibility into thin films.3>
39 3D halide perovskites with the general formula AMXs, where A is a monovalent cation: Cs*, CHzNH;*
(MA*), HC(NH>)," (FA"), or, recently, CHsNH;NH,* 391392 and (CH2).NH:*,**® M is a divalent metal (Ge?*,
Sn2*, Ph?*)*4 and X is a halide (CI, Br, or I"),%%3% are direct bandgap semiconductors with noteworthy
emissive properties. The 3D perovskite structure consists of a 3D network of corner-sharing metal halide
[MXg]* octahedra with the A-site cation occupying the center of the cuboctahedral cavities. From the start
of their academic investigation in the late 1980s*7-% continuing to their present investigation,*°? the narrow
light emission of hybrid lead halide perovskites offers tremendous potential for a broad range of commercial
applications, including the design of photovoltaic devices with record high power conversion
efficiency, 394403406 |ight emission,81:3823% radiation detection,*®33¢7 and lasing.%%8:3%

A deeper connection between the underlying structural and photophysical properties in hybrid
halide perovskites is essential for tuning their emission properties to optimize perovskite devices for
commercialization. The optoelectronic properties of perovskite semiconductors are dependent on the
chemical composition, electronic structure and lattice dynamics of charge carriers.*”” Furthermore,
structural defects need to be accounted for as well when considering resultant optoelectronic-emissive
properties since these semiconductors are solution processable.*®” In general, inorganic emitters exhibit
narrow emission when exciton-phonon interactions are weak and the defect concentration is controlled
through expensive high-temperature production processes.*’#% In 3D hybrid halide perovskites, the high
dielectric constant and weak binding energy between electron-holes results in free charge carriers, the
species predominantly responsible for the PL emission at room temperature.®® At low temperatures, free
excitonic emission is observed in single-crystal 3D lead halide perovskites with a FWHM of 5 meV.*? In
comparison, 3D lead perovskite thin films display an absence of free excitonic emission at low temperatures
and instead, trap-state bands are dominant due to factors related to the crystallinity of the film samples.*°
Further spectroscopic study in parallel with structural characterization of 3D perovskites in bulk single-
crystals and thin films will enable the rational engineering of emission linewidths in 3D perovskite-based
optoelectronic devices.

4.2.2 - 2D Perovskites

The 3D hybrid halide perovskite structure can be dimensionally reduced to layers of 2D structure,
chains of 1D structure, or OD clusters of [MXs]* octahedra by incorporating diverse ammonium cations.**
The incorporation of certain organic cations larger than the aforementioned A-site cations leads to the
family of 2D perovskites with formula (A”)m(A)n-1MnXan+1, where A’ is a monovalent (m=2) or divalent
(m=1) cation and n is the number of inorganic layers in each “slab” of perovskite structure (Figure 19). As
the 2D halide perovskite structure can be conceptually derived from the 3D parent structure by slicing along
specific crystallographic directions, the (100)-oriented perovskite family (Figure 19A) is the most prevalent
— here, the parent cubic perovskite is sliced across the octahedral apices. Alternatively, if the 3D cubic
perovskite structure is cut across the octahedral edges, the (110)-oriented perovskite family is obtained
(Figure 19B). The arrangement of alternating semiconducting inorganic layers with insulating organic
layers produces a natural 2D quantum-well superlattice in a bulk crystal with a layered structure. As a result
of the quantum confinement, there is an increase in the band gap energy (Eg) and the exciton binding energy
(Eb) in 2D hybrid halide perovskites in comparison to their 3D parent structures. 09412417
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3x3

Figure 19. Schematic representation of the dimensional reduction of MAPbBr; parent cubic 3D perovskite
structure into (A) (100)-orientated 2D perovskite and (B) corrugated (110)-oriented 2D perovskite, where
organic cations are omitted. Adapted with permission from ref 426. Vasileiadou, E. S.; Kanatzidis, M. G.
Structure-Property Relationships and Idiosyncrasies of Bulk, 2D Hybrid Lead Bromide Perovskites. Isr. J.
Chem. 2021, 61, 782-817. Copyright 2021, John Wiley and Sons.

The 2D perovskite heterostructure can be synthetically fine-tuned through the number of the
inorganic layers n and the A’ organic “spacer” cation.*'1#1841% As the n-layer thickness increases, the 2D
perovskite structure’s optical and electronic properties (En, Eq and PL PL) successively progress towards
that of the 3D material.*!®*?! On the other hand, the organic “spacer” cation indirectly influences the
structure of the inorganic framework through its resultant non-covalent templating and through properties
such as crystallinity, solubility, mechanical behavior, and thermochemical stability.*???¢ The superior
environmental stability of 2D hybrid lead iodide perovskites and their inherent structural flexibility has
rendered them attractive alternatives to 3D perovskites for the fabrication of environmentally robust
optoelectronic devices.®8:376:427:429-437

Photophysical studies have mainly been focused on lead halide perovskites due to their strong,
excitonic PL emission. In the early 1990s, Thorn and colleagues published the first evidence of thick-layer
lead halide perovskites (n>1) producing thin films with the compositions (CoH19NH3)2(CH3NH3)Pb,l7 and
(CoH19NH3)2(CH3NH3)n-1PbnBrsn:1 (n=1-3) by incorporating the nonylamine spacer cation, and films of
(PhNHs3)2(CH3NHs)Ph.l; via the phenylamine cation.*3® Although Thorn and colleagues were unable to
acquire the single-crystal structures at that time, they observed the excitonic absorption peak of
(CnggNH3)2(CH3NH3)szBI’7 films at 430 nm and (C9H19NH3)2(CH3NH3)2Pb3Br1o at 450 nm, lower in
energy than their n=1 member.*® In 2000, Ishigure and co-workers rationally expanded the phase space of
thick-layer ~ perovskites by  preparing and  characterizing n=2  perovskite  films:
(CmH2m+1NH3)2(CH3NH3)Pb,Br; (m=2, 3, 4 and 6).“* Ishigure and co-workers showed that optical
tunability and homogeneous emission lines can be obtained when using halide binary alloys, as a result of
the robustness of the 2D Wannier exciton.*®

The PL of most 2D lead-halide perovskites: (A’)m(A)n-1PbnXan+1 Yields free-excitonic, narrow
emission with a reduced Stokes shift. When excited by above bandgap radiation, the FWHM is typically
around 100 meV.*044 Splution-processed 2D perovskite films typically contain multiple n-layer members
with a broad width distribution, where the quantum-well inhomogeneity leads to charge funneling into the
lowest bandgap n-member, which accelerates Auger recombination.**? Recently, there has been progress in
obtaining phase-pure 2D perovskite films with n>1,%344 where narrow linewidth emission attests to
suppressed energetic disorder and indicates a homogeneous energy landscape.**>#46 A main advantage of
producing 2D perovskites as single crystals is that a uniform phase of n-layer thickness is obtained,
providing the opportunity to measure and analyze the inherent characteristics of this class of solution-
processable 2D materials. Thus, we focus our discussion here on bulk 2D perovskites where, to the best of
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our knowledge, there has not been a holistic assessment targeted specifically towards design rules of narrow
emission in 2D bulk perovskites.

The emission wavelength of 2D halide perovskites can cover the spectral regions between the UV
and NIR, through tuning their chemical composition.**” Here, we examine a wide representation of bulk 2D
perovskites, to initiate the extraction of design principles for the targeted synthesis of narrowband 2D
perovskite light-emitting crystals based on tailoring their chemical composition and/or their crystal
growth/quality (Table 5). Regarding the chemical composition, we deduce three main chemical
composition variables related to the resultant emission linewidth: (i) organic A’ spacer cation, (ii) A-site
cation, and (iii) halide anion.

Tuning the A’ Spacer Cation. The organic A’ spacer cations primarily tailor the structure-property
relationship in 2D lead halide perovskites through their electrostatic interaction with the inorganic layers.
This can induce tilting of [MXg]* octahedra, and thus deviation of the equatorial Pb-X-Ph angles from 180°,
and distortions of the octahedra from ideal geometry, while the intrinsic dielectric nature of the spacer
cation can influence the exciton-binding energy and crystallization Kinetics of the 2D perovskite. As
mentioned, the choice of organic cation directly dictates the distortions within the 2D inorganic lattice,
contributing to the bandgap values and band edge emission (Table 5). As seen in Table 5, between the
comparison of known 2D lead iodide perovskites with tunable linear alkyl monoammonium cations
((CmH2m+1NH3)2(MA)n.1Pbnlan+1, m=4-6) and linear alkyl diammonium cations
((HsnanocrystalmHam+1NH3)(MA)n-1Pbalsns, m=7-9), there is not a significant observed difference in
emission linewidth between the two families.*18448449 This is the case amongst various n-layer thickness
members between the two families, although there are different distortion levels within the [Pblg]* layers.
The 2D lead-iodide perovskites (CmHam+1NH3)2(MA)n-1Pbalsne, m=4-6) incorporating the linear
monoammonium cations belong to the Ruddlesden-Popper (RP) family where the successive [Pble]
inorganic layers are “staggered” with respect to one another in the a and b (in-plane) directions, often being
described as a (¥, %) displacement. 2D lead-iodide perovskites incorporating the linear diammonium
cations (HsnanocrystalmHam+1NH3)(MA)n-1Pbalsns, m=7-9) also afford a staggered arrangement of the
inorganic layers but with a divalent diammonium cation.

Another important substructure family of 2D-halide perovskites is the Dion-Jacobson (DJ)
perovskites. The DJ structure is composed of divalent spacer cations that template an eclipsed arrangement
of successive inorganic halide layers, such that there is no relative displacements.**® An attractive property
of the DJ series (3AMP)(MA)-1Pbnlzn+1and (A4AMP)(MA)n-1Pbnlzn+1 (n=1-4) where 3- and 4AMP = 3- and
4-(aminomethyl)piperidinium respectively is the considerably lower bandgap and PL emission energies in
comparison with the RP perovskites (CmH2m+1NH3)2(MA)n-1Pbnlsn+1, m=4-6). Although the distortions of
the eq. Pb-1-Pb angles in the DJ series (3AMP)(MA)n-1Pbnlzn+1and (A4AMP)(MA)..1Pbnlsns1 are larger than
those in the RP series (Table 5), the bandgap values are lower. The lower bandgaps were inferred to be
related to small I--'T distances between adjacent [Pbnlsn+1] slabs and the resulting more dispersive electronic
bands along the stacking axis.**® Again, although the nature of the organic A’ spacer cation is significantly
different and imposes drastic structural effects that leads to different substructure families of 2D perovskites
with different distortion levels, the carrier lifetimes and emission linewidth of RP and DJ perovskites are
comparable (Table 5). In summary, an area of focus when characterizing 2D perovskite compounds
amongst a homologous series should be extracting structural correlations between tuning the A’ spacer
cation with the emission linewidth and carrier lifetime.

Tuning the A-site Cation. The effect of the A-site cation in 2D perovskites seems to impose important
variances in the PL properties of layered perovskites. The study of the structural evolution of the series with
the butylammonium spacer cation: (CsHsNH3)2(A)Pb2l7 (A = MA, FA, EA, DMA, and GA; where EA =
ethylammonium, DMA = dimethylammonium and GA = guanidinium) as a function of A cation size
showed that the enlarged A cations (EA, DMA and GA) lead to significant decreases in PL intensity and
lifetime, as a result of a more pronounced nonradiative decay. Moreover, among this series
(C4HgNHs3)2(A)PDb2l7, the distortion of the average equatorial Pb-I1-Pb angle slightly increases as follows:
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(C4HgNH3)2(FA)Pb2|7 with 169.4° < (C4HgNH3)2(GA)Pb2|7 with 168.1° < (C4HgNH3)2(MA)Pb2|7 with
167.2° < (C4)2(DMA)PDb2l; with 166.1°. In a similar manner, the emission linewidth slightly narrows as the
average equatorial Pb-I-Pb angles’ distortion decreases with (CsHoNH3)2(FA)Pb2l7 having the smallest
FHWM of 79 meV versus (C4HsNH3)2(DMA)PD:I; that has a FHWM of 106 meV (Figure 20A). Similar
observations were found between thick-layer (C4aHgNH3)2(MA)2Pbslio and (CsHsNH3)2(EA)2Pbslio where
the PL intensity is quenched with the increasing amount of EA added into the 2D structure.** It was found
that the larger [Pblg]* octahedral distortions and the longer Pb—1 bond lengths in (C4)(EA).Pbslyo result in
stronger PL quenching and a more asymmetric PL peak, where transient absorption spectroscopy revealed
a broad distribution of trap states below the bandgap. Consequently, it can be deduced that the nature of the
A-site cation and the strain it imposes on the 2D perovskite structure has more direct effects on the PL
properties than the A’ spacer cation.
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~ 469 '\ --u—- Bond Angle Variance Pb-I
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Figure 20. (A) Average eg. Pb-I-Pb angle in correlation with FWHM of (C4HsNH3)2(A)Pb2l; (A = MA,
FA, DMA, and GA) perovskites.!® Abbreviations: (CsHoNH3)2(FA)Pb2l; = C4(FA)IN2,
(C4HoNH3)2(GA)Pb,l7 = C4(GA)IN2, (CsHoNH3)2(MA)Pb,l; = C4(MA)IN2 and (CsHoNH3)2(DMA)Pb.I;
= C4(DMA)IN2. (B) Bond angle variance (degrees) of octahedral [PbXg] distortions in C4BrN2, C6BrN2,
and C8BrN2 versus C4IN2, C6IN2, and C8IN2. Abbreviations: C4BrN2 = (CsHyNHz3)2(MA)Pb,Br,
Co6BrN2 = (C6H13NH3)2(MA)szBI’7, C8BrN2 = (C8H17NH3)2(MA)szBI'7, C4IN2 =
(C4H9NH3)2(MA)Pb2|7, C6IN2 = (CengNH3)2(MA)Pb2|7 and C8IN2 = (C8H17NH3)2(MA)Pb2|7. Bond angle

L 2
variance calculated from the formula o2 = Y12, % of the individual [PbXs]* octahedra. Adapted with

permission from ref 425. Vasileiadou, E. S.; Hadar, I.; Kepenekian, M.; Even, J.; Tu, Q.; Malliakas, C. D.;
Friedrich, D.; Spanopoulos, I.; Hoffman, J. M.; Dravid, V. P.; Kanatzidis, M. G. Shedding Light on the
Stability and Structure—Property Relationships of Two-Dimensional Hybrid Lead Bromide Perovskites.
Chem. Mater. 2021, 33, 5085-5107. Copyright 2021, American Chemical Society.

Tuning the Halide Anion. Tuning the halide anion suggests having the most profound effect on the emission
linewidth. The comparison of 2D lead halide perovskite with the same organic cation but different halide
anion demonstrates considerable changes: the lead bromide perovskites generally have broader emission
than their iodide counterparts. Specifically, the comparison of the n=2, RP family of perovskites
(CmH2m+1NH3)2(MA)Pb2X7 (m = 68, X=Br, I) offers insight into the photophysical differences between
2D lead bromide and 2D lead iodide perovskites.*”® Firstly, from a structural viewpoint the
(CmH2m+1NHa3)2(MA)PDb2Br7 (m = 6—8) perovskites present smaller distortion of the [PbXs] octahedra, in
comparison with their lead iodide congeners. As seen in Figure 20B, (CeHisNHs)(MA)Pb.l; and
(CsH17NH3)2(MA)Pb:l; have consistently larger distortions of the individual [Pbls]* octahedra than
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(CsH1sNH3)2(MA)Pb2Br; and (CsHizNHs)2(MA)Pb.Br; respectively. Thus, it seems that the [MXg]*
octahedral distortion does not have a direct correlation with the emission linewidth when the X halide anion
is varied, while it does correlate as a function of tuning the A’ spacer cation amongst perovskites with the
same halide anion as discussed earlier.

From a photophysical stance, the bulk lead bromide perovskites (CnHzm+1NH3)2(CH3sNH3)Pb,Br7
(m = 6-8) feature broader emission and longer lifetimes (on the ns scale) than their lead iodide analogs.
Based on the significantly longer PL lifetime of the mentioned n=2 bromide materials, the band dispersion
and effective mass in the in-plane direction were investigated to gain insight on the radiative electronic
transitions where the computed in-plane average lattice strain was calculated.*?® It was found that the lattice
mismatch with the related 3D perovskite MAPbBr; was significantly smaller for the
(C4HgNHs)2(MA)PD,Br layered perovskite, in contrast to the lattice mismatch of the lead iodide analogue
(C4HgNHs)2(MA)PDl7 to MAPbDIs. Hence, the internal lattice strain in 2D perovskites increases from
bromide to the iodide when tuning the halide anion in the n=2 lead perovskites, leading to an increase of
the non-radiative recombination and decrease of the carrier lifetime.*?> Overall, it appears that the reduced
lattice mismatch and thus enhanced lattice rigidity of the bromide compounds compared to the iodide
analogues, is beneficial in limiting non-radiative recombination as discussed earlier. However, it may in
turn limit the possibility of growth of high n-layer thickness perovskites and give rise to broader emission.
Lastly, the comparison of the emission linewidth between n=2 lead bromide perovskite RP:
(CmH2m+1NH3)2(CH3sNH3)Pbh2Br7 (m = 6-8) with DJ : (4AMP)(FA)Pb,Br; and (3AMP)(FA)Pb.Br; show
similar broad emission with ns timescale carrier lifetime, in stark comparison with their lead iodide
analogues (Table 5).

Broadband Emission Coexisting with Narrow Emission in 2D Perovskites. In general, the PL emission in
2D perovskites is a complex phenomenon where narrow emission is not the sole emission observed and
various other emission mechanisms are present such as broad emission and edge states.**2-% There is still
much unknown regarding how to eradicate or exploit edge emission through synthetic design. The
observation of broad Stokes-shifted PL emission in layered lead halide perovskites has sparked great
interest for white lighting applications.*®% Emission is typically considered as “broad” when having
FWHM > 100 meV and has been attributed to sub-bandgap trap states generated from self-trapped excitons
(STE), instead of excitonic emission.*® The formation of STE is due to strong electron-phonon coupling
within a soft lattice.*%3460461 The softness of the halide perovskite lattice can promote strong exciton-phonon
interactions that may lead to the movement of the exciton being interrupted at a lattice site, resulting in its
self-trapping inside the self-induced potential barriers (Figure 21).%62463 Consequently, self-trapped
excitons produce transient, light-induced lattice deformations that can be thought as “excited-state” defects,
in contrast to more permanent lattice defects such as vacancies and interstitials, which are preserved in the
ground state as well.
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Figure 21. Photophysical processes leading to low-energy emission. Free (FE) and self-trapped excitons
(STE) are shown in a configuration coordinate model. Excitation from the ground state (GS) generates FES
or free carriers (not shown), which can self-trap when overcoming a barrier, E:. The accompanying lattice
deformation decreases the minimum of the STE by the relaxation energy E; with respect to FEs. STES can
also become FEs again when a detrapping barrier Eg: is overcome. Defect states within the bulk (left) or at
the surface (right) of a material can also evoke low-energy luminescence. Adapted with permission from
ref 467. Kahmann, S.; Tekelenburg, E. K.; Duim, H.; Kamminga, M. E.; Loi, M. A. Extrinsic Nature of the
Broad Photoluminescence in Lead lodide-Based Ruddlesden—Popper Perovskites. Nature Commun. 2020,
11, 2344, Copyright 2020, Creative Commons Attribution 4.0 International.

There is still much investigation in the perovskite community of whether the formation of STE giving rise
to broad emission is intrinsic or extrinsic in nature.*26:460:464-467 | pyrief, intrinsic STES create transient lattice
distortions without permanent material defects, while extrinsic STEs are facilitated by the local
environment of lattices when the electron-phonon coupling is too weak to generate STEs themselves.
Besides the states in the bulk of a crystal, defects can occur at the surface of a material and can lead to
radiative recombination, as shown in Figure 21. In the case of the extrinsic origin of broad emission, the
below-bandgap excitation can create in-gap states caused by defects within the bulk crystal that are
responsible for the broad emission.*®” A more detailed analysis of the mechanism of broadband emission in
hybrid halide perovskites is outside the scope of this review, but a review of the related research
advancements can be found elsewhere.***46! Tg rationally harness the broad emission presented in layered
halide perovskites for application perspectives, it is important to assign critically the nature of broad
emission (through the use of a combination of spectroscopic techniques), as intrinsic self-trapping may not
always be responsible for broad emission.

In parallel with the spectroscopic investigation, there is an emerging image on the structure-
property relationships defining broad emission in 2D halide perovskites. Specifically, many n=1 lead
chloride (A”)mPbCls and lead bromide (A’)mPbBr4 perovskites exhibit broad emission or a combination of
both broad and narrow emission,345:453:460.463:468-482 1n comparison, there are fewer reports of broad emission
in lead iodide perovskites, most commonly at low temperature and for n=1 (A’)mPbls members,#28:455:483
Hence, free excitons and STES can coexist in the same material, leading to the observation of both narrow
and broad bands in layered perovskites. All (110)-oriented lead bromide perovskites reported broadband
emission - this is attributed to the large distortions of the corrugated lead bromide crystal lattice producing
STEs.464:470-473:480,482,484-486 A\ critical assessment of the structure-property-luminescent relationships in lead
bromide perovskites with structural design principles for targeted synthesis and correlation to narrow
emission and broad emission was published recently.*? In the present context, the structural prerequisites
of organic spacer cations that can template the (110)-orientated lead bromide structure are i) organic cations

48



with an extended ability for hydrogen bonding and electrostatic interactions inherited from functional
groups such as diamine/polyamines, electronegative heteroatoms and/or aromaticity and ii) organic cations
with small steric hindrance.473478485.487.488 Einally, in (110)-perovskites, larger octahedral distortions
correlate with broader PL emission.*®

Originally, broad emission was observed in the (110)-oriented perovskites; however subsequently,
multiple examples of n=1, (100)-oriented (A’)mPbXs perovskites were described displaying both
narrowband and broadband emission,#64474:48%.4% The (100)-oriented perovskites usually feature broadband
emission at low temperature (<100K), suggesting that this emission feature is not exclusive to a specific
structural geometry but a general property of the distorted, 2D perovskite emitters.*®® It is a common
observation amongst the numerous studies of broad emission in (100)-oriented (A”)mPbX4 perovskites that
the distortions and torsions of the inorganic lattice are the main source of STE.3*>*! Several correlations
between structural distortion parameters and STE broad emission have been proposed to interpret the broad
emission in (100)-oriented perovskites such as distortion angles within the Pb-X-Pb inorganic layers,*° the
degree of octahedral distortion quantified from the bond angle variance,*®"%% octahedral Pb-X bond
elongation,*¥748 and substitution positions of functional groups of the organic spacer cation.’>47®
Additionally, for n=1 halide perovskites, tuning the identity of the A’ organic spacer plays a crucial role on
the resultant distortions within the inorganic lattice and on the excitonic-STE emission. Finally, broad
emission is much more common in n=1 perovskite versus the thick-layer perovskites (n>1).

Recently, spectroscopic and structural analysis on thick-layer perovskites (n>1) of various
composition in A-site cation and A’ spacer cation revealed direct correlations of the broad STE emission
with structural distortions when the A-site cation was tuned from MA to FA, while there was not a strong
dependence when adjusting the identity of the A’ spacer cation from butylammonium (CsHsNH3) to
pentylammonium (CsH11NHs) and hexylammonium (CeH1sNH3).#% In the thick-layer systems, the A-site
cations support the Pb-X inorganic layers, relieving the inorganic layers from the steric strain imposed by
the organic spacers nearby.*%® Furthermore, the influence of the emission linewidth from different functional
groups on the A’ spacer cation in n>1 perovskites is largely unexplored. The incorporation of the
iodopropylammonium cation (IdPA) with heavy and sterically large iodine atom into the 2D perovskite
lattice was demonstrated to be directly related to the formation of long-lived (~100 ps) trap states with
broadband emission in the visible region (Figure 22).4% In the series (IJPA)2(MA),-1Pbnlsns (n=1-4), the
IdPA cation creates significant lattice distortions (Figure 22B) and leads to the creation of new, broadband
ensembles of states deep into the band gap that quickly depopulate the band-edge excitons but elongate the
lifetimes of photoexcited carriers.*?® In summary, the appearance of lower energy emission features that
can broaden the PL emission is dependent on an interplay of effects related to the chemical composition of
the 2D perovskite (n-layer thickness, A-site cation, A’ spacer cation, halide anion), to structural defects,
and to sub-bandgap trap states.
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Figure 22. (A) The normalized transient absorption (TA) signal intensity extracted at the bandgaps shows
the recombination dynamics at the bandgaps of crystals containing different cations. (B) Correlation
between the lattice distortion and recombination lifetimes. The left axis shows the speed of the

49



recombination, and the right axis shows the average equatorial Pb-I-Pb bond angle from x-ray

crystallography, indicating the level of distortion within the inorganic structures. A clear negative
correlation between the level of distortion and the speed of recombination can be observed, suggesting the
direct effect of lattice distortion on excited-state dynamics. Adapted with permission from ref 428.
Vasileiadou, E. S.; Jiang, X.; Kepenekian, M.; Even, J.; De Siena, M. C.; Klepov, V. V.; Friedrich, D.;
Spanopoulos, I.; Tu, Q.; Tajuddin, I. S.; Weiss, E. A.; Kanatzidis, M. G. Thick-Layer Lead lodide
Perovskites with Bifunctional Organic Spacers Allylammonium and lodopropylammonium Exhibiting
Trap-State Emission. J. Am. Chem. Soc. 2022, 144, 6390-6409. Copyright 2022, American Chemical

Society.

Table 5. Structural and Optical Properties of Representative 2D Lead Halide Perovskites

Composition Layer PL PL Equatorial Bond Carrier | References
Thickness | emission | Linewidth Pb-X-Pb Angle Lifetime
(n) (nmor | (nmormeV) | angle (°) Variance
eV) of
PbXs
(deg™2)
(AA)2(MA),Pbslio n=3 1.99 eV ~ 60 nm 165.9 3.65 75.4 ps 428
AA = allylammonium
(EA)3PbsBrio n=3 2.64 eV 61 nm 167.30 16.2 0.58 ns 488
EA = ethylammonium
(EA)3PbsClio n=3 2.48 eV 151 nm 161.53 40.45 1.77 ns 488
EA = ethylammonium
(C4).Pbly n=1 2.36 eV ~35nm 153.7 5.7 189 ps 418,492,493
C4 = butylammonium
(C4)2(MA)PD:I; n=2 2.14 eV 89 meV 167.2 3.4 223.52 ps 418,494
C4 = butylammonium ~30 nm
(C4)2(MA)Pb,Br; n=2 2.42 eV ~50 nm 155.7 20.1 3.91ns 425,428
C4 = butylammonium
(C4),(DMA)Pb:l; n=2 ~2.23 eV 106 meV 166.6 17.4 56.45 ps 494
C4 = butylammonium ~30 nm
(C4)2(FA)PD:I, n=2 ~2.15eV 79 meV 169.4 5.7 117.42 ps 494
C4 = butylammonium ~25nm
(C4)2(GA)Pb:I; n=2 ~2.19eV 89 meV 168.18 5.7 43.82 ps 494
C4 = butylammonium ~30 nm
(C4)2(EA)2Pbslyo n=3 2.12eV ~70 nm 166.1 19.3 5.37 ps 49
C4 = butylammonium
(C4)2(MA)Pbslio n=3 2.00 eV ~35nm 169.4 15.6 418
C4 = butylammonium
(C4)2(MA)3Pb4l 13 n=4 1.90 eV ~35nm 170.4 16.3 418
C4 = butylammonium
(C4)2(MA)4Pbsl 16 n=5 1.83eV ~35nm 169.5 13.9 49
C4 = butylammonium
(C4)2(MA)sPbgl g n==6 1.78 eV ~40 nm 168.6 14.5 497
C4 = butylammonium
(C4)2(MA)sPbyI2 n=7 1.74 eV ~40 nm 163.7 2.3
C4 = butylammonium
(C5)2Pbly4 n=1 2.42 eV ~30 nm 150.2 13.5 113 ps 449
C5 = pentylammonium
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(C5)2(MA)Pb;I7
C5 = pentylammonium

2.14 eV

~35nm

166.5

19.7

310 ps

(C5)2(MA)2Pbsl1o
C5 = pentylammonium

2.00 eV

~35nm

167.5

18.3

253 ps

(C5)2(MA)3Pbglis
C5 = pentylammonium

>
1
S

1.90 eV

~35nm

168.5

15.9

263 ps

(C5)2(MA)sPbsl1g
C5 = pentylammonium

1.79 eV

~35nm

169.7

14.7

(C6)2Pbl,4
C6 = hexylammonium

2.36 eV

~35nm

155.1

8.3

255 ps

(C6)2(MA)PD:I;
C6 = hexylammonium

2.14eV

~40 nm

160.2

24.9

303 ps

(Cﬁ)z(MA)szBﬁ
C6 = hexylammonium

2.58 eV

~80 nm

161.82

2.1

6.16 ns

425

(C6)2(MA)2Pbsl 10
C6 = hexylammonium

2.00 eV

~40 nm

168.8

20.3

113 ps

(C6)2(MA)3sPbal13
C6 = hexylammonium

1.90 eV

~40 nm

168.4

18.2

113 ps

449

(C7)2(MA)Pb,Br;
C7 = heptylammonium

2.52eV

~80 nm

165.1

3.4

1.27 ns

(C8)2(MA)Pb,Br;
C8 = octylammonium

249eV

~80 nm

165.7

3.1

0.44 ns

425

(HsN-C7-NHs)Pbl,
HsN-C7-NH3;=1,7-
diaminoheptane

241 eV

~45 nm

155.01

4.56

(HsN-C7-NH3)(MA)Pb:I,
HsN-C7-NH;=1,7-
diaminoheptane

2.14 eV

~30 nm

(H3sN-C7-NH3)(MA)2Pbsl1o
HsN-C7-NH3z=1,7-
diaminoheptane

1.99 eV

~30 nm

11 =38 ps

(HsN-C8-NH3)Pbl,
HsN-C8-NH3=1,8-
diaminooctane

2.50eV

~30 nm

156.05

6.89

(HsN-C8-NH3)(MA)Pbl-
HsN-C8-NH3=1,8-
diaminooctane

2.14 eV

~20 nm

162.4

7.11

(H3N-C8-N H3)(|\/|A)2Pb3|10
HsN-C8-NH3;=1,8-
diaminooctane

2.00 eV

~30 nm

168.7

3.39

11 =59 ps

(H3sN-C8-NH3)(MA)sPbalis
H3N-C8-NH3 = 1,8-
diaminooctane

1.89 eV

~40 nm

169.39 °

4.93

(HsN-C9-NH3)Pbl4
H3N-C9-NH3 = 1,9-
diaminononane

2.34eV

~25 nm

153.26

4.33

(HsN-C9-NH3)(MA)Pb.l;
H3N-C9-NH3 = 1,9-
diaminononane

2.14eV

~25 nm

167.88

3.05

(H3N-C9-NH3)(MA)Pbslio

2.00 eV

~25 nm

168.70

3.73

11 = 45 ps

448
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H3N-C9-NH3 = 1,9-
diaminononane

(H3N-C9-NH3)(MA)3Pbalis
HsN-C9-NH3;=1,9-
diaminononane

1.89 eV

~40 nm

(3AMP)PbI,4
3AMP =
3(aminomethyl)piperidinium

2.22eV

~40 nm

165.2

36.1

0.08 ns

(3AMP)(MA)Pb:I;
3AMP =
3(aminomethyl)piperidinium

2.00 eV

~35nm

163.1

6.7

0.28 ns

(3AMP)(MA)2Pbsl1o
3AMP =
3(aminomethyl)piperidinium

1.90 eV

~35nm

163.6

4.9

0.27 ns

450

(3AMP)(MA)3Pbali3
3AMP =
3(aminomethy)piperidinium

1.84 eV

~40 nm

162.2

12.3

0.25ns

450,498

(4AMP)PDI,4
4AMP =
4(aminomethyl)piperidinium

2.33eV

~45 nm

1545

9.5

0.11 ns

(4AMP)(MA)Pb.l;
4AMP =
4(aminomethyl)piperidinium

2.13 eV

~25 nm

156.4

6.0

0.10 ns

(4AMP)(MA)2Pbsl1o
AAMP =
4(aminomethyl)piperidinium

197 eV

~35 nm

158

5.3

0.08 ns

(4AMP)(MA)3Pbal13
4AAMP =
4(aminomethyl)piperidinium

1.88 eV

~60 nm

160.3

10.7

0.11 ns

450

(3AMPy)PbI,
3AMPy =
3(aminomethyl)pyridinium

2.23 eV

~30 nm

166.3

6.0

0.25 ns

(3AMPY)(MA)Pb;l;
3AMPy =
3(aminomethyl)pyridinium

2.04

~25nm

168.9

4.0

0.16 ns

(BAMPy)(MA)2Pbslio
3AMPy =
3(aminomethy)pyridinium

1.93

~25nm

168.0

3.3

0.29 ns

(BAMPY)(MA)3Pbal13
3AMPy =
3(aminomethyl)pyridinium

1.85

~25 nm

168.8

2.7

0.27 ns

(4AMPy)PDI,4
4AMPy =
4(aminomethyl)pyridinium

149.2

0.7

(4AMPY)(MA)Pb;l;
4AMPy =
4(aminomethyl)pyridinium

214 eV

~45 nm

153.9

0.6

0.15ns

(4AM Py)(MA)2Pb3|1O
4AMPy =
4(aminomethyl)pyridinium

1.97 eV

~25 nm

155.91°

0.73

0.20 ns

498
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(AAMPY)(MA)3Pba4l13
4AMPy =
4(aminomethyl)pyridinium

1.89 eV

~20 nm

157.3

1.3

0.20 ns

(mPDA)PbI,
mPDA =
m-phenylenediammonium

243 eV

~35nm

143.7

234.2

(mPDA)(MA)Pb;l;
mPDA =
m-phenylenediammonium

2.14eV

~25 nm

152.4

11

(mPDA)(MA)Pbslio
mPDA =
m-phenylenediammonium

1.99 eV

~35nm

155.0

3.0

499

(4AMP)(MA)Pb2Br7
AAMP =
4(aminomethyl)piperidinium

159.9

4,54

(4AMP)(FA)Pb2Br7
4AMP =
4(aminomethyl)piperidinium

2.34eV

~40 nm

163.9

10.91

2.3ns

(BAMP)(MA)Pb,BTr7
3AMP =
3(aminomethyl)piperidinium

178.2

6.21

(3AMP)(FA)Ph2Br;
3AMP =
3(aminomethy)piperidinium
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4.2.3 - Perovskite Nanocrystals

On the heels of 3D bulk metal-halide perovskites, solution-processed nanocrystal analogues (MHP
nanocrystals) have made a similarly explosive entrance to the field of nanotechnology for conventional and
quantum optoelectronics within the last decade. The volume of research activity on MHP nanocrystals
prompts us to defer to numerous reviews, all published since 2019, that detail the current states of MHP
nanocrystal synthesis,>°:%2 characterization,*® stability,>%-°% doping,5° shelling and heterostructures,>%:51
self-assembly,5* encapsulation,®'? device applications,>*5® and more,5%52 with a particularly
comprehensive review of the MHP nanocrystal state-of-the-art published in 2021.5%* Here, we aim to
present the major considerations for achieving bright, efficient, and narrow emission from nanoscale ABXs
structure synthesized in solution.

Optical characterization of NaMgFs nanocrystals synthesized in oleic acid solution was reported as
early as 2009 (without the use of MHP terminology).>?® Non-templated solution synthesis of Pb-based MHP
nanocrystals, however, would gain momentum later with initial reports from 2014-2016 of both hybrid
organic-inorganic,®°2” and all-inorganic®® cuboidal nanocrystal ensembles with low polydispersity,
emission linewidths of tens of nanometers, and solution PLQY's of up to 90% as represented in Table 6.
The initial success of hot-injection synthesis was soon followed by ligand-assisted reprecipitation
(LARP)%? and supersaturated recrystallization®® methods, offering room-temperature routes for producing
monodisperse colloidal ensembles enabled by the ionic bonding inherent to MHP. Controlling the fast
kinetics of MHP nanocrystal formation remains an area of active synthesis research, particularly critical for
achieving smaller particle diameters. Most recently, the judicious selection of a complexing agent in
trioctylphosphine oxide has demonstrated self-limiting equilibrium of precursor, monomer, and nanocrystal
constituents in solution for size control.>3! Templated synthesis in porous media has also been investigated
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as a strategy for growth of small MHP nanocrystals, assisted by the defect-tolerant nature of MHP,53253%3
Post-synthetic strategies such as size-selective precipitation are also useful for narrowing size distribution
at small diameters if nanocrystal stability and reasonable yield can be maintained throughout the process
(Figure 23).5%

« 40 40 . 40 9.2 +1.0nm ” %o
€ 2 € Pe®
g2 320 320 ‘
i o S0t
» 40 57 + 0.7 nm NS 40 6+0.8nm £ 13.9+22nm
€ A < c Q
= = 4
320 §2o S0 ﬁ T TR
0 of . 0 { IS
» 40 6.3 +0.7 nm ., 40 ; po  °'  153+17nm
= € | e = 20 D
3 3 20! fil %1 o
S 20 8 S \ e U 10 ‘ Y S
: \ N ] * ..
0 Lo OL . 4NN . . .. ol 0 = T
4 8 12 16 20 4 8 12 16 20 4 8 12 16 20
Edge Length (nm) Edge length (nm) Edge Length (nm)
—5.20M
—5.7: 0 E
g —63nm 2
< —720M 2
<
L0 -
§ —7.600M §
2 85nm <t
—9.2nm &
—13.9nm
—153nm
Ll 1 1 l I I 1 AL S
550 600 650 700 750 550 600 650 700 750
Wavelength (nm) Wavelength (nm)

Figure 23. (A) Size distribution histograms (left) and corresponding TEM images (right) of CsPbls;
nanocrystals with mean edge lengths, L, assuming cubic nanocrystals, of 5.2, 5.7, 6.3, 7.2, 7.6, 8.5, 9.2,
13.9, and 15.3 nm. The corresponding size dispersions (standard deviation) are 11.5, 12.3,11.1, 11.1, 10.5,
10.6, 10.8, 15.8, and 11.1%, respectively. Scale bars in all images are 30 nm. (B-C) Optical absorption
spectra normalized to their first excitonic peak (offset for clarity) (B) and normalized PL spectra (C) of
CsPbI3 nanocrystals with different sizes, respectively. Adapted with permission from ref 534. Zhao, Q.;
Hazarika, A.; Schelhas, L. T.; Liu, J.; Gaulding, E. A.; Li, G.; Zhang, M.; Toney, M. F.; Sercel, P. C;
Luther, J. M. Size-Dependent Lattice Structure and Confinement Properties in CsPbls Perovskite
Nanocrystals: Negative Surface Energy for Stabilization. ACS Energy Lett. 2020, 5, 238-247. Copyright
2020, American Chemical Society.

MHP nanocrystals enjoy the same bandgap tunability as their 3D bulk counterparts, as mixed-
halide compositions can be achieved either directly during synthesis®®-5% or by reversible anion exchange
post-synthesis>**5%¢ enabling full coverage of the visible range. This is an advantage over binary inorganic
semiconductors, as MHP nanocrystals can be synthesized in the weak confinement regime to mitigate
inhomogeneous broadening®’ but maintain coverage of the visible spectrum through compositional
alloying. The high ionic mobility that enables facile halide exchange however, also leaves MHP
nanocrystals prone to halide segregation driven by applied field or illumination, particularly observable in
the broadening and splitting of electroluminescence emission spectra from devices.>®54 Akin to the
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compositional and configurational heterogeneity in alloyed compound semiconductors discussed in Section
3.2.5, both intra- and inter-nanocrystal halide segregation contribute to linewidth broadening at the
ensemble and individual particle levels. Ongoing efforts to suppress halide segregation in MHP
nanocrystals include the use of multidentate ligands to reduce the presence of halide Frenkel defects at the
nanocrystal surface, which facilitate halide migration.>*

PLQY and B-Site. The defect-tolerant nature in MHP nanocrystal systems is due to the absence of mid-gap
trap state formation, despite easily formed halide vacancies, and the resulting suppression of non-radiative
recombination pathways. This is another advantage over traditional colloidal QDs, which often require
electronic surface passivation via an insulating shell. Intragap trap states are often limited to the surface
environments of MHP nanocrystals, and specifically, a presence of excess Pb at the surface can promote
non-radiative recombination and reduction in PLQY due to the contribution of Pb 6s and 6p orbitals at the
band edges.>** Methods of removing or coordinating surface Pb to restore surface stoichiometry, such as
thiocyanate treatment reported by Koscher et al. or surface treatments involving halides or other strongly
coordinating ligands, have all shown decisive improvement, especially in inorganic CsPbX3 nanocrystals,
by driving PLQY to values near unity and improving long term stability.52-54%

While the topic of transition-metal and lanthanide doping will be specifically discussed in Section
4.3, a wealth of research has been executed concerning the doping of MHP nanocrystals with various
metals. By substituting Pb?*, metal doping can have mixed effects on optical performance and non-radiative
recombination. B-site dopants have been reported as effective ways to improve thermodynamic stability
and band alignment for both CsPbls (Bi®*, Sr?*) and MAPbI; (Co?*,Cu?*,Mg?*, Mn?*, Ni?*, Sn2*, Sr?* and
Zn %)% Cd?* and Ni?* doping has demonstrated near-unity PLQY enhancements in CsPbCls
nanocrystals.>* While Sn?* doping and the use of Sn?* as the sole B-site ion have stirred excitement as PL
enhancement dopants, IR-emitters, and a non-toxic Pb alternative Sn-containing perovskites generally
suffer from low PLQY hindered by the favored oxidation of Sn' to Sn'v and resulting trap states, in stark
contrast to the defect-tolerance of pure Pb MHPs, 541547548

Table 6. Optical Properties of Solution Synthesized Perovskite nanocrystals

Composition (Sn '5% Emls(s':c;;])Peak FWHM (nm) | PLQY% References
CsPbCls; 405 12

CsPbCl,Brs.x 426 16

CsPbBrs; 513 24

CsPbBrls.x 5-15 545 26 50-90 528
CsPbBryls.x 577 27

CsPbl; 652 35

CsPbl; 685 34

CsPbCls 405 12 10

CsPbCl1sBris 455 16 37

CsPbCIBr, 478 18 70

CsPbBrs; 11 513 20 95 530
CsPbBrl 548 26 78

CsPbBrislis 600 38 72

CsPbBri2lis 628 35 80

CsPbBrl, 640 35 70

CsPbls 11 690 31 near 100 %49
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86 Ensemble,
CsPbBrs 11 510 75 Single 90 537
nanocrystal
MAPDBTr3 530 21 e
MAPDCI; 373 37
MAPDCI; 407 34
MAPDCI«Brs« 446 17
MAPDCI«Brs.« 467 32
MAPDCI«Brs.« 493 29
MAPbBr; 3'374—’0' 515 21 50-70 -
MAPDBIyl3.« 565 40
MAPDBIr«l3« 610 50
MAPDBIr«l3« 660 53
MAPDI; 734 45
FAPDBTr3 5 474 41*
FAPbB 8 499 32+ -
FAPDBTr3 12 530 22 85
FAPDBTr3 >50 542 23*
FA01Cso9Pbls 10-15 685 35 70
FAPDI3 775 45
FAPbBIy3.. 586 61* -
FAPbBr«l3.x 623 60*
FAPDbBIryl3.x 667 61*
FAPDBr«l3.x 713 69*
Cs3Bi>Clg 393 59 26.4
CssBizBrs 3'?5;—’0 410 48 19.4 551
Cs3Bizlg 545 70 0.018
MAG;3BIClg 360 50 15
MA:BI2Brg 423 62 12 552
MA:Bi2l 540 91 0.03
CsSnCls 480 110*
CsSnClxBrs« 7.6 490 110*
CsSnBr3; 10.7 660 50* 553
CsSnBrxlsx 10.1 795 120*
CsSnls 9 940 85*

Structure and A-site. While MHP nanocrystal emission wavelength is primarily tuned by mixed halides,
mixed A-site compositions, namely mixing or exchange of formamidinium (FA) and Cs cations, offers an
additional avenue of stability and wavelength control, particularly for obtaining red emission in FAxCsi-
«Pbl3.%% MHP nanocrystals may exhibit thermal phase transitions, as observed in bulk MHP, from a global
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high temperature cubic (a) phase, to a tetragonal (b) form, and then a low-temperature orthorhombic (g)
form, driven by octahedral tilting along one or two principal axes. The crystal structure and symmetry
exhibited by MHP nanocrystals is readily tuned via mixing of A-site cations with varied effective radii as
framed by the Goldschmidt tolerance factor. FAPbl; and CsPbls, for which bulk material can also form
non-perovskite phases at room temperature, are stabilized in a and g perovskite phases respectively as
nanocrystals.®%% Moreover, synchrotron grazing incidence wide-angle X-ray scattering (GIWAXS)
studies indicate that crystal symmetry may be modulated across a, b, and g phases by increasing the Cs:FA
ratio in FAxCs1xPbls. Unique nanocrystal stability is in-part contributed to MHP phase space modifications
introduced at the nanoscale by high surface-to-volume ratios which, for instance, allow surface energy a
significant role in moderating the degree of octahedral tilting via size-dependent tensile strain.5%% |t
should be noted that accurate structure determination of MHP systems often requires care and high-
resolution diffraction data, the lack of which has historically driven debate over reported structures in the
literature. Subtle diffraction peak splitting for the lower symmetry perovskite phases, in combination with
Scherrer peak-broadening effects of nanocrystals and twinning all contribute to difficult phase
identification.%**5% This goes even without mentioning dynamic local order distinct from the observed
average crystal structure,>®"5% necessitating inelastic and total scattering techniques. Further study of static
and dynamic local order in MHP nanocrystals is necessary to accurately describe sources of homogenous
linewidth broadening in the soft ionic lattices that are otherwise ill-described from an assignment of average
crystal structure,5565%°

Current state for flagship CsPbX; systems. The inorganic CsPbXs; MHP nanocrystals are the most
frequently studied perovskite nanocrystal systems, in general due to their narrow, excitonic, and
nanosecond radiative decay, but also their relative stability compared to hybrid systems with more volatile
components.53"°% These properties have prompted micro-PL studies of single MHP nanocrystals that
demonstrate single photon emission and exciton fine structure of interest in quantum emitter
technologies.®®*%* Adl et al. in 2021 completed a micro-PL study of single nanocrystal and nanocrystal
ensembles off both CsPbBr; and CsPbls to illuminate the dominant linewidth broadening phenomena in
these systems. Room-temperature single particle and ensemble measurements were comparable for both
material systems with FWHM of approximately ~100 meV for both CsPbBr; and CsPbl; samples. This
suggests that at ambient temperature, inhomogeneous broadening contributions, at least outside of the
strong confinement regime (~10 nm nanocrystal diameters vs. CsPbBr; and CsPbls Bohr exciton radii of
~7 nm and 4.6 nm respectively®?53756%) are less significant than homogenous broadening contributions of
individual nanocrystals. The authors discuss the clear presence of exciton-phonon interactions, primarily
discussing coupling to a longitudinal optical (LO) phonon coupling, observed in other published
experimental and ab initio efforts. 124566567 Sybsequent measurements at 4 K demonstrated zero phonon lines
of between 1-5 meV for CsPbBr; and 0.1-0.5 meV for CsPbls. At this low temperature, inhomogeneous
broadening from ensemble polydispersity now dominates in the absence of exciton-phonon coupling. In
this work, remaining homogenous contributions at 4 K are suggested to be the product of exciton fine
structure and possible spectral diffusion from local dynamic electric field fluctuations.®®’

In a subsequent 2022 micro-PL study,*?® Raind et al. further interrogated the phenomena driving
homogenous broadening of single CsPbBrs; QDs (Figure 24). In this case, cuboidal nanocrystal samples of
7 nm and 14 nm edge lengths and capped in stability-enhancing zwitterionic ligands®*? were measured at
room temperature. The authors observe a linear increase in single QD linewidths with higher PL peak
energies and smaller QD sizes, also observed by photon-correlation spectroscopy and in ensembles, 20176568
The authors executed ab initio molecular dynamics simulations (AIMD) for a range of QD sizes from 1.8-
4.2 nm from which the phonon density of states and electron-phonon coupling strength as the Huang-Rhys
factor were obtained in agreement with experimental results.>*®® AIMD simulations identified three phonon
modes, two at low energy (~2 meV, ~7 meV) and the higher energy LO-phonon mode (~17 meV). Notably,
Huang-Rhys factor calculations show nanocrystal-size dependent electron-phonon coupling strength to the
two lower energy phonon modes, in contrast to size-independent nature of coupling strength to the LO-
phonon. As QD size decreases, electron-phonon coupling to low energy modes becomes stronger, and for

57



the smallest simulated QDs of 1.8 nm, the Huang-Rhys factor of both low energy modes is significantly
greater than that of the LO-phonon. Size-dependent coupling strength could arise from quantum
confinement of carriers, surface localized phonon modes, or a combination of the two. Raino et al. simulated
a core-shell perovskite nanocrystal with Type-I alignment and demonstrated that the size-dependent phonon
coupling strength does not arise from stronger carrier confinement, but rather that low energy phonon
modes are enhanced at the nanocrystal surface, consistent with the positive correlation of surface-to-volume
ratio and increasingly broad linewidths. These findings point to the benefits of a wide-gap epitaxial shell to
distance carriers from the localized phonons at the nanocrystal surface. While the growth of epitaxial shells
has proven more difficult for MHP nanocrystals compared to conventional QDs, the authors demonstrated
surface treatments with trace water content to form wide gap shells on CsPbBrs. These core-shell CsPbBr3
QDs have demonstrated record RT linewidths as low as 35 meV for single QDs and overall improvements
for the ensemble with a mean of 60-70 meV.1?
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Figure 24. (A) A sketch of different emission line-broadening mechanisms (7». is the linewidth, kgt the
thermal energy, and FSS the fine structure splitting). (B) Schematic of the CsPbBr; crystal structure with
two HAADF-STEM images, representing the two studied QD batches with mean edge lengths of 7 and
14 nm, respectively. (C) Room-temperature emission spectra at the ensemble and single particle levels.
Both PL spectra feature similar emission line-broadening. Solid lines are best fits of a Lorentzian function
to the experimental data (colored open circles). Adapted with permission from ref 126. Raino, G.; Yazdani,
N.; Boehme, S. C.; Kober-Czerny, M.; Zhu, C.; Krieg, F.; Rossell, M. D.; Eri, R.; Wood, V.; Infante, I.;
Kovalenko, M. V. Ultra-Narrow Room-Temperature Emission from Single CsPbBr; Perovskite Quantum
Dots. Nature Commun. 2022, 13, 2587. Copyright 2022, Creative Commons Attribution 4.0 International.

Even in the absence of phonon line-broadening, a remaining contributor to homogenous broadening
impeding Fourier transform-limited linewidths in MHP nanocrystals is exciton fine-structure splitting
(FSS). FSS arising from reduced symmetry in the crystal structure or nanocrystal shape anisotropy has been
characterized for colloidal MHP nanocrystals.>*®5%-577 The most recent report>’” investigating exciton FSS
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by Han et al. has identified splitting by up to 1.6 meV of the bright triplet exciton as a direct result of the
lower symmetry orthorhombic phase in CsPbls for the smallest QD diameter of 4.9 nm (Figure 25). The
observation of a single quantum beat frequency is made in accordance with modeling the exciton fine-
structure by planes of the persistent cuboidal shape of the nanocrystal rather than the orthorhombic crystal
planes.>>"" While such detailed ventures into low-magnitude linewidth broadening may be negligible for
many conventional MHP nanocrystal device applications, the control of FSS phenomena will be critical to
apply MHP nanocrystals as quantum emitters. It should be re-emphasized that efforts toward detailed
understanding and control of the local structural order, lattice dynamics and resulting symmetry in MHP
nanocrystal systems will play a key role in the mitigation (or utilization) of exciton FSS and advance ever-
closer to lifetime-limited narrow emission.

In general, for the perovskite family of materials, several parameters may affect emission line
broadening:

1) Composition — changing the cation or anion can affect the lattice distortion, strain, or self-
trapped exciton, leading to changes in emission linewidth that are material dependent.

2) Sample inhomogeneity — many of the problems contributing to inhomogeneous broadening
discussed in Section 4.1 also affect perovskites. Particularly, halide segregation leads to
structural sub-populations that are detrimental to linewidth and must be avoided.

3) Exciton-phonon coupling — as with QDs, perovskite emission is broadened via coupling to
phonon modes on the surface and in the core. A shell is typically introduced to mitigate this;
however, this is a large synthetic challenge for perovskites that is being actively explored.

4) Exciton fine-structure splitting — greater control over local structural order and symmetry will
enable harnessing or mitigating FSS phenomena.
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Figure 25. (A) The bright triplet |1,£1) exciton states in cubic symmetry transform into two new
eigenstates [X) and |Y) in orthorhombic QDs. The splitting between [X and |Y is AFSS. |G is the crystal
ground state while |Z = |1,0 is the exciton state with its transition dipole oriented along the z axis. For
illustration, we consider excitation using a circularly polarized pulse directed along the Z axis with
bandwidth larger than AFSS, which can create a coherent superposition of [X and |Y. (B) A representative
TEM image of 7.9 nm QDs. Inset is a high-resolution dark-field image of a typical QD. (C) Absorption and
(D) PL spectra of varying-size QDs dispersed in hexane. Adapted with permission from ref 577. Han, Y .;
Liang, W.; Lin, X.; Li, Y.; Sun, F.; Zhang, F.; Sercel, P. C.; Wu, K. Lattice Distortion Inducing Exciton
Splitting and Coherent Quantum Beating in CsPbls Perovskite Quantum Dots. Nature Mater. 2022.
Copyright 2022, Springer Nature.

4.3 - Transition-Metal and Rare-Earth Doped nanocrystals
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Transition-metal and lanthanide dopants in nanocrystals can impart PL derived from emission localized at
these ions, and in some cases this emission can be very narrow. The linewidth of this emission is dependent
on the electronic structure of the dopant ion, the surrounding lattice, and the interaction between the two.
Beyond all the extrinsic contributions to inhomogeneous broadening outlined elsewhere (above), such
interactions can broaden even the homogeneous lineshapes. When pursuing the narrowest emission from
dopants, the first property to consider is how the electronic transition responsible for luminescence may
distort the local bonding and thus alter whether vibronic (phonon-coupled) transitions are allowed. Figure
26 outlines four general categories of common dopant-centered electronic transitions and their relationships
to emission linewidth in transition-metal and lanthanide doped nanocrystals, in order of broadest to
narrowest.

Charge-transfer transitions generally lead to the broadest emission among dopant-centered
transition types. Here, transitions between ground and charge-transfer excited states involve formal charge
transfer between localized dopant orbitals and either (i) a delocalized conduction or valence band of a host
semiconductor, or (ii) the valence orbitals of the surrounding ligands in insulating nanocrystals. This change
in orbital occupancy causes a significant geometric distortion along one or more nuclear coordinates,
illustrated schematically by the shift of the excited state potential energy surface relative to the ground state
in Figure 26B. Most of the emission will come from the lowest energy excited state. Due to the nuclear
distortion, the emission probability is now distributed across a range of ground state vibrational energy
levels, resulting in an energy-broadened emission spectrum. As an illustrative example, Cu*:InP nanocrystal
(Figure 26A) luminescence involves radiative recombination of a conduction band electron with a d-orbital
hole, corresponding to a *MLcgCT to *A; (ground state) electronic transition.5’

Although there is no charge transfer to or from the dopant, ligand-field-dependent d-d transitions
of transition-metal ions also commonly show sizable vibronic broadening because they involve changes in
orbital occupancy within the d-subshell that still alter bonding because they either increase or decrease
population of s-antibonding d-orbitals. The resulting change in bonding creates a nuclear distortion that
shifts the excited-state potential energy surface along one or more nuclear coordinates relative to the ground
state, and this shift results in energy-broadened emission. Nuclear distortions in d-d excited states are
typically not as large as those in charge-transfer excited states, hence the corresponding d-d emission can
be somewhat narrower. For Mn?*:ZnSe nanocrystals (Figure 26C), for example, the °A; ground state has
five unpaired electrons with one in each of the five d orbitals.>” The first excited state, “T, results from a
spin-flip excitation wherein an electron moves from the less stable t, orbital set and pairs with an electron
in the more stable e set. The increase in overall energy of this excitation is due to the high energetic cost of
pairing spins. Because the t; set is more antibonding than the e set, the equilibrium bond lengths in the “T;
excited state are on average contracted, and luminescence again involves emission probabilities distributed
across a range of ground-state vibrational energy levels.

When d-d transitions between ground to excited states do not primarily involve a change in orbital
occupancy but instead involve simply flipping an electron's spin, these are referred to as ligand-field-
independent d-d transitions. Because no change in bonding occurs, the potential-energy surfaces for the
two states involved in the emission process are nearly vertically aligned for every nuclear coordinate. At
low temperature, PL intensity can be concentrated in the zero-phonon line (subject to symmetry
restrictions). For example, for tetrahedral Co?" in wurtzite ZnO nanocrystals (Figure 26D), the lowest-
energy excited state (°E) is created when the spin of an electron in the t orbital set is flipped relative to the
ground state (*A.).%8° As a consequence, d-d emission from this 2E excited state is concentrated in the spin-
orbit split electronic origin (zero-phonon line) and can be very narrow. In colloidal nanostructures, this
linewidth is broadened inhomogeneously with decreasing dimensionality, emphasizing the impact of
nanocrystal interfaces even on highly localized dopants. Additionally, the proximity of the “T-1(P) excited
state to the 2E state, combined with the different radiative transition probabilities of spin-allowed and spin-
forbidden transitions in Co?*, leads to the observed additional broad emission to the lower energy side of
the 2E split origin. “T1(P) emission is vibronically broadened following the mechanism described above.

For lanthanide (or rare earth, RE) dopants, the valence electrons are in f-orbitals instead of d-
orbitals. Due to high f-orbital screening, electron-nuclear coupling is typically very small for the f shell,
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and the ground and excited states of f-f transitions are vertically aligned for every nuclear coordinate. In
contrast to d-d transitions, all f-f transitions are thus ligand-field independent, and f-f emission is typically
extremely narrow. The energy splitting between the ground and f-f excited states results primarily from
spin-orbit coupling, while the crystal-field splitting causes only relatively small splittings of each
multiplet. For example, the 2F72 ground and 2Fs, excited terms of Yb** shown in Figure 26E are each
split by ~500 cm™ (ca. 62 meV) due to crystal-field interactions, but the 2F7 - 2Fs» energy splitting is
~10,000 cm* (ca. 1.2 eV) due to spin-orbit coupling.®8!
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Figure 26. (A) Low-temperature PL spectra and (b-e) corresponding state and one-electron orbital splitting
diagrams for four classes of dopant-centered radiative transitions observed in nanocrystals. (B) Charge
transfer from localized dopant orbitals to the delocalized conduction band (CB) in InP:Cu* distorts the
excited state along one or more nuclear coordinates, and this distortion broadens the resulting emission.5”®
(C) Mn2* emission when doped into ZnSe nanocrystals is broadened due to nuclear distortions arising from
the ligand-field-dependence of its lowest-energy d-d transition.®”® (D) Emission from ZnO:Co?*
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nanocrystals is sharper because there is no change in bonding between ground (*Az) and lowest-energy
excited (’E) states, keeping them vertically aligned, i.e., this spin-flip d-d transition is ligand-field-
independent.5®® (e) Due to high shielding of the valence f-orbitals, f-f transitions in lanthanides are
accompanied by little lattice distortion, e.g., in CsPbCls:Yb** nanocrystals.%® Such f-f emission is thus
always ligand-field-independent.

Once a system has been selected that shows acceptably small vibronic broadening, additional
factors contribute to determining the linewidths of the remaining transitions. Generally, the zero-phonon
line is narrowest, and its linewidth is dominated by extrinsic inhomogeneous effects, especially in
nanocrystals. This inhomogeneous broadening reflects the distribution of static local environments around
the ensemble of dopants. In addition, there may be time-averaged and dynamic distributions of electric-
field and magnetic environments resulting from the dopant’s proximity to the surface, proximity to other
defects, or nuclear hyperfine coupling that contribute to the dynamic lineshape. In general, lifetime
broadening is not the dominant contribution to the linewidth of dopant emission in nanocrystals. Table 7
collects emission characteristics of ensembles of doped nanocrystals from the literature and classifies them
according to the aforementioned criteria. The table represents just a handful of examples to illustrate the
various categories of dopant-centered electronic transitions in colloidal nanocrystals and is not intended to
be comprehensive. The reader is referred to additional reviews for more extensive discussion of each
category.™ The tabulated linewidths show that f-f transitions and ligand-field independent d-d transitions
have the narrowest emission, reinforcing the above discussion.

To summarize, when utilizing doped nanocrystals as emitters, one must consider 1) the identity of
the dopant and its electronic transitions, leading to varying degrees of vibronic coupling, and 2) extrinsic
inhomogeneous effects also mentioned in Sections 4.1 and 4.2, specifically leading to a distribution of local
environments around each dopant.

Table 7. Emission characteristics of selected doped colloidal nanocrystals.

Emission Tem Pl Pl L references
Material Transition Class (K) P [cmY/ FWHM | Lifetime
meV] [cm™t | [ms]
InP:Cu* IMLcgCT—!A; | charge transfer 2 13,150/ 3180 5 578
1630
CdSe:Cu* IMLcgCT—!A; | charge transfer 15 12,260/ 3065 2.4 578
1520
ZnS:Cu* IMLcgCT—!A; | charge transfer 4 21,050/ 2222 20 582
2610
ZnSe:Mn?* T, 55A; d-d, ligand-field- | 10 17,244/ 1210 579
dependent 2138
ZnSe:Mn?* T, 55A; d-d, ligand-field- | 298 17,244/ 1613 579
dependent 2138
ZnSe:Mn?* T,—55A; d-d, ligand-field- | 298 17,543/ 1788 290 583
dependent 2175
CdS:Mn?* T,—55A; d-d, ligand-field- | 5 16,949/ 1390 1000 582
dependent 2101
ZnS:Mn?* T,—55A; d-d, ligand-field- | 300 16,667/ 2232 1900 584
dependent 2066
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Zn0:Co?* ZES4A, d-d, ligand-field- | 8 15,155/ 90 0.015 585
independent 1879

Zn0:Co?%* ZES4A, d-d, ligand-field- | 8 15,160/ 85 0.065 560
independent 1880

CsPbCls: YDt | 2Fs—2F7p f-f 5 10,233/ 4 4000 581
1269

CaF,:Yb* *Sar—>*1s12 f-f 298 18,480/ 510 586
[Er®* 2291

NaYF4Yb** 4Sar—>*1s12 f-f 298 18,480/ 510 586
[Er®* 2291

SrS:Ce®t 4F1—°Dy d-f 298K | 20,576/ 1624 0.056 587
2551

CdSe:Th** Ds—"Fs f-f 298K | 18,350/ 440 3000 588
2275

For spectra with multiple peaks, the peak of narrowest FWHM is reported.

4.4 — Organic Molecules: Special case of solution phase emitters

Here we briefly review the ranges of PL linewidths that may be seen for organic molecules (and their
aggregates) in solution, and, in less detail, in solid films. We note that some of these molecules also function
as semiconductors in the solid state, but our main focus is on comparing the emission linewidths that can
be achieved with those discussed in preceding sections. As we have discussed in section 11, the linewidth
of a particular absorption or emission band in a molecule is quantum mechanically related to both electronic
and vibrational contribution to the transition dipole moment of the transition in question, which measures
the degree to which they are allowed. In m-conjugated organic molecules, relatively strong coupling
between electronic and vibrational excitation results in so-called vibronic transitions. Quantum
mechanically, such transitions are treated using time-dependent Hamiltonians that include a perturbation
due the electric field of light (and rigorously also its magnetic field, although this is often neglected). Using
the Born-Oppenheimer approximation, the Hamiltonian can be separated into parts that involve electron
motions and nuclear motions because the motion of the relatively heavy nuclei is much slower than that of
the much lighter electrons.

To understand linewidth in n-conjugated organic molecules, it is helpful to consider two limiting
cases of quasi-linear -Systems:

1. polyene-like molecules H(CH)2,H and

2. polymethine-like ions [H(CH)zn+1H]* .
where n is a non-zero integer. This distinction has been used extensively to understand the linear®®°% and
nonlinear®1>%2 optical properties of more elaborate conjugated molecules and reflects distinct differences
in the nodal properties of the frontier orbitals of these molecules.

The simplest polyene — ethylene — can be considered as having both carbon and hydrogen atoms
lying in the x,y plane with each carbon atom contributing a p.-orbital to the r-system - this gives rise to two
7 molecular orbitals: 1) the highest-occupied molecular orbital (HOMO), which is stabilized relative to an
isolated p, orbital and bonding in character, and 2) the lowest unoccupied molecular orbital (LUMO),
which, due to a node between the two carbon atoms, is destabilized with respect to a p, orbital and
antibonding in character. The simplest polymethine — allyl — consists of three carbon atoms that contributes
p; orbitals, leading to the formation of three molecular w-orbitals: 1) the lowest has no nodes and is thus
bonding between each adjacent pair of carbon atoms; 2) the highest has two nodes (between atoms, like the
LUMO of ethylene) and is antibonding between each adjacent pair of carbons in the chain; and 3) the n-
orbital at intermediate energy — the LUMO of the allyl cation and the HOMO of the allyl cation — is
characterized by a nodal plane passing through the central carbon atom, with contributions from only the
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p; orbitals of the terminal atoms, and thus, within the Hickel approximation, non-bonding and neither
stabilized nor destabilized with respect to isolated p, orbitals. Longer homologues exhibit similar patterns,
as shown schematically for n = 2 and 3 polyenes and polymethines in Figure 27. The antibonding
interaction between the central two carbon atoms in the HOMO of butadiene lead to this C—C bond in the
ground-state molecule being considerably longer than the other two C-C bonds, i.e., to a significant bond-
length alternation (BLA) between the bonds rendered as formally double and single in a valence-bond
representation; this BLA is also seen in longer homologues such as hexatriene and b-carotene (a substituted
n =11 polyene). On the other hand, the two C—C bonds of allyl cation (or anion) are equal in length. Even
in pentadienyl or heptatrienyl cations (n = 2 and 3 polymethines), the filled w-orbitals are all either bonding
or non-bonding between adjacent carbons and thus there is relatively little variation between adjacent bond
lengths and certainly not a pattern of alternating bond lengths. (As a caveat, we note that in long-chain
polymethines, the charge is no longer delocalized over the entire chain length: in [Ph(CH)2n+1Ph] " ions, the
charge no longer reaches the terminal phenyl groups for n ~ 15, i.e., ca. 31 methines,*® whereas in organic
cyanines with more effective charge-stabilizing end groups, the charge becomes localized on one end group,
rather than shared by both, with significant non-zero BLA in between, at n ~ 4-6, i.e., ca. 9-13 methine
units, depending on the end group, solvent, and counterion.®*5%) Furthermore, a one-electron
HOMO®LUMO excitation in ethylene involves depopulating a C—C bonding orbital and populating a C—
C antibonding orbital. Similarly, in butadiene the electron is promoted to a LUMO in which the bonding
and antibonding interactions between adjacent C atoms are reversed relative to those in the HOMO. Thus,
the equilibrium excited-state C—C bond lengths of polyenes, reached after the geometric relaxation that
follows excitation, differ considerably from those in the ground state. On the other hand, in polymethine
cations (anions), a HOMO®LUMO excitation involves promotion from a partially bonding to a non-
bonding orbital (from a non-bonding to a partially antibonding orbital) and thus to a smaller change in
equilibrium C—C bond lengths.
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Figure 27. (A-B) Sketches of m-orbitals for three polyenes and three polymethine cations, respectlvely,
with HOMO (H) and LUMO (L) in each case in blue, and nodal planes perpendicular to the molecular axis
denoted by dashed red lines. Note that the nodal planes shown as passing through atoms in the polymethines
only do so precisely by symmetry for the central carbon atom; nonetheless, as shown in (C), orbital
coefficients on these atoms are at least very small according to quantum-chemical calculations. Also note
that the LUMO and LUMO+1 of each polymethine cation correspond to the HOMO and LUMO
respectively of the corresponding polymethine anion. (C) Structure and DFT HOMO and LUMO of an
example of a cyanine dye (reproduced with permission)®’ that contains a cationic heptamethine moiety.
Note that these orbitals are similar to those sketched for the heptamethine cation in (B), with extra
contributions from the indole nitrogen atom and, in the case of the HOMO, the Br substituent and the indole
arene rings.
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Thus, in general the ground and excited states of polyene-like molecules will have a much greater
difference in their equilibrium geometries, specifically with respect to C—C bond lengths, than those of
polymethine-like molecules. Returning to the Franck-Condon principle, the ground and excited states of
molecules can be represented as shown in Figure 28, where the two electronic states are represented as
parabolic wells, with the horizontal offset representing the differences in equilibrium geometry and where
the horizontal “rungs” represent the C—C stretching modes in each state. For the polymethine dyes, the
similarity of the ground- and excited-state geometries leads to strong vibrational overlap between the 0"
level in the ground state and 0™ level in the excited state; thus, the so-called 0,0 transition (represented by
the heaviest arrows) is dominant in both absorption and emission spectra. In addition, there is little
difference in absorption and emission maxima (i.e., a small Stokes shift). On the other hand, for the polyene,
the greatest overlap relevant to absorption is between the ground-state 0" vibrational level and a higher (as
drawn, the 2"%) excited-state vibrational level, while for fluorescence, the 0" vibrational level in the excited
state overlaps most strongly with a higher (as drawn, 2"%) ground-state vibrational level, with, in both cases,
appreciable oscillator strength for other vibronic sub-bands. Thus, polyene-like dyes are expected to exhibit
broader absorption and emission bands than polymethines and to exhibit larger Stokes shifts. Simple
unsubstituted polyenes and, especially, polymethine ions are not particularly stable species. However, the
molecules in Figure 29A and 29B — a polyene with stabilizing phenyl end groups and a cyanine dye, in
which a polymethine cation bears two charge-stabilizing end groups, respectively — illustrate the differences
in absorption and emission lineshapes between these two classes of molecules. Clearly, both the absorption
and emission band of the first compound exhibit multiple vibronic sub-bands and are not 0,0 peaked, and
are, therefore, relatively broad. (An additional complication with many polyenes, such as
Ph(CH=CH)4Ph,% is that the lowest singlet excited state, Si, does not correspond to an allowed one-
electron HOMO—LUMO excitation, but rather to a state that can be described as resulting from
configuration interaction between HOMO-1—LUMO, HOMO—LUMO+1, and double HOMO—LUMO
excitation,>*® which is forbidden for an ideal planar all-E geometry and thus only weakly emissive. In some
studies dual emission is seen, with both S; and the S, (HOMO—LUMO) state contributing.®® Nevertheless,
the general principles discussed regarding absorption and emission broadening still stand.) The cyanine on
the other hand exhibits a much smaller Stokes shift and 0,0-peaked spectra resulting in much narrower
bandwidths.

energy
energy

\ v/ \ /
q q

Figure 28. Schematics showing ground (g) and excited (e) state potential energy surfaces for (left) a
molecule, such as a polyene, with significantly different ground- and excited-state geometries and (right) a
molecule, such as a polymethine, with similar ground- and excited-state geometries. Absorption and
fluorescence vibronic transitions are represented by blue and red arrows respectively with the heaviness of
the arrows roughly denoting the relative strength of each transition. In both cases q represents a coordinate
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representing the C—C bond lengths and the “rungs” in ground and excited states reflect the vibrational

levels associated with the C—C stretching modes in those states.
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Figure 29. Solution absorption (blue) and emission (red) spectra of representative examples of various

classes of organic chromophore,

replotted using data available from the online PhotochemCAD

database:5°-6% (A) a diphenylpolyene (in cyclohexane), (B) a cyanine (in ethanol), (C) a donor-(rn-bridge)-
acceptor molecule with a polyene-type structure (in benzene), (D) a merocyanine example of a donor-(z-
bridge)-acceptor compound having a cyanine-like structure characterized by near-zero bond-length
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alternation (in ethanol), (E) a rigid aromatic (in benzene), and (F) a porphyrin-like heterocycle, specifically
zinc phthalocyanine (in pyridine). In each case the FWHM is given for the emission spectrum; note that
values in wavenumber or energy units are more representative of each compound class, whereas the FWHM
in wavelength units is dependent on both the compound class and the wavelength at which the specific
example shown emits.

Narrow cyanine-like spectra are also seen for molecules with related electronic structures that can
also be represented as a superposition of two limiting equivalent resonance structures (Figure 30A) in
which terminal atoms bear a charge and for which the frontier orbitals have similar nodal properties to those
of polymethines; examples include squaraines, croconium dyes, rhodamines, fluoresceins, and BODIPY
dyes (Figures 30C-G respectively). Unsymmetrical donor-(n-bridge)-acceptor molecules often exhibit
broad spectra (Figure 29C), as discussed below, but in special cases a suitable balance of donor and
acceptor strengths can result in equal contributions from neutral and zwitterionic valence-bond structures
and thus minimal bond-length alternation and cyanine-like spectra (Figure 29B, 29D); however, in dyes of
this type the energetic balance of the two valence-bond structures, and thus the BLA and the spectral
lineshapes, is typically highly sensitive to solvent polarity.

Figure 30. Cyanine-like dyes with narrow emission bands: (A) schematic showing how cyanine dyes can
be represented by two extreme valence bond structures (D = n-donor); (B) schematic showing how the same
can apply to D-(n-bridge)-A (A = m-acceptor) compounds in which D and A strengths are appropriately
balanced, such as in the dye shown in Figure 28D; (C) and (D) generic structures of squaraine and
croconium dyes, respectively, along with specific examples for which narrow emission spectra have been
reported; and (E-G) structures of rhodamine B, fluorescein, and an example of BODIPY derivative,
respectively. Spectra of compounds shown in (C) and (E-G) may be found in the PhotochemCAD
database,®0%6% while spectra for the croconium dye shown in (G) are reported by Wang et al. %%

Thus far we have considered only geometric changes between ground and excited states associated
with C—C bond length, i.e., vibronic coupling to relatively high frequency C—C stretching modes. In
addition, coupling to other modes can affect the lineshape, with low-frequency in- and out-of-plane bends,
for example, contributing to the linewidth of each sub-peak of a vibronically structured spectrum. Thus,
there is variation in the linewidths of cyanine-like dyes with 0,0-peaked spectra due to the possibility of
coupling to other modes; all else being equal, coupling to other modes will be suppressed in more rigid
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systems. This is also true in other rigid systems, notably fused-ring aromatics such as acenes (Figure 29E)
and perylene diimides, for which individual sub-bands are often very narrow. However, coupling to C-C
stretching modes is stronger in these species than in cyanine-like dyes (i.e., there are larger changes in
equilibrium C—C bond lengths between ground and excited states) and so, although the 0,0 peaks are often
the strongest in the absorption and emission spectra, the other subbands are much more significant, leading
to a broader overall emission (although this broadness may or may not be captured by the commonly used
FWHM measure, depending on the exact relative strengths of 0,0 and 0,1 vibronic components). Examples
of phthalocyanines, naphthalocyanines, and porphyrins can exhibit both very narrow 0,0 transitions, due to
their rigid planar cyclic structures, and strongly 0,0 peaked spectra, due to weak coupling to C—C and C—
N stretching modes, which in turn is attributable to frontier orbitals with similar nodal properties to those
of polymethines (Figures 29F and 31)%%. It should be noted, however, that some choices of central metal
ion or substituents can lead to compounds that are non-emissive or have broad emissions with charge-
transfer character.

Figure 31. DFT HOMO (left) and LUMO (right, one of a pair of degenerate orbitals) of zinc phthalocyanine
(see Figure 28F for structure and spectra) adapted with permission from ref 605. Martynov, A. G.; Mack,
J.; May, A. K.; Nyokong, T.; Gorbunova, Y. G.; Tsivadze, A. Y. Methodological Survey of Simplified TD-
DFT Methods for Fast and Accurate Interpretation of UV—Vis—NIR Spectra of Phthalocyanines. ACS
Omega, 2019, 4, 7265-7284. Copyright 2019, American Chemical Society. Note that the eight nitrogen
atoms all lie on nodal planes in the HOMO.

More complex patterns of vibronic coupling can lead to less well-resolved vibronic structure, as
can the presence of a range of solvation environments. The latter effect, which we have not so far explicitly
considered, is particularly important for polar molecules and in general transitions that have dipolar charge-
transfer character are relatively broad and featureless. Figure 29C shows an example of a donor-(z-bridge)-
acceptor molecule with a polyene-type structure (strong bond-length alternation in the vinylene bridge).
The band appears as a not-quite symmetrical featureless Gaussian envelope due to the combination of a
non-0,0-peaked spectrum and these additional broadening mechanisms “smearing out” any vibrational
structure.

Thus far we have considered isolated chromophores. In the solid state and, in some cases, in
solution at high concentrations or in solvents that poorly solvate the monomeric species, the shapes of both
absorption and emission spectra solutions can also be impacted by intermolecular aggregation phenomena.
Aggregation can have a variety of effects on spectra, some of which lead to spectral broadening; however,
of most relevance to obtaining narrow PL are so-called J-aggregates. H- and J-aggregates are types of
ordered assemblies in which coupling between two or more chromophores results in excitons lower and
higher in energy than the excited state of the isolated molecule; H- and J-aggregates can be classified
according to whether the aggregate absorption is blue- or red-shifted, respectively, relative to the that of the
isolated chromophore. Within the exciton theory of Kasha,®® which considers only Coulombic coupling
between parallel transition dipoles in adjacent molecules, H-aggregates are found when the angle between
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the transition dipoles and the vector connecting the centers of adjacent dipoles is greater than 54.7°, with
the largest coupling and largest blue shift obtained when the angle is 90° (side-by-side dipoles); for these,
the inversion symmetry of the lowest energy aggregate exciton means that fluorescence is forbidden
(Figure 32A). On the other hand, the lowest energy excitons in J-aggregates, in which the angle is less than
54.7° and the coupling largest at 0° (end-to-end dipoles), are strongly coupled to the ground state and thus
potentially fluorescent. We note, however, that in some aggregates other coupling mechanisms can
contribute and, in some cases, lead to different geometric criteria for observation of the characteristic
spectroscopic features of each aggregate type.®” Compared to the corresponding isolated chromophores J-
aggregate emission spectra are (i) red shifted (as explained by the cartoon of Figure 32A), (ii) more strongly
0,0 peaked, and, in many strongly coupled cases, (iii) characterized by narrower widths for each sub-band.
The increased relative intensity of the 0,0 sub-peak can been explained using quantum-mechanical analysis
of the vibronic structure,®® while the 0,0 peak is narrowed due to rapid motion of the exciton between
different sites leading to a motional narrowing.®®® As an example, the left portion of Figure 32B shows the
structure of a recently reported J-aggregate-forming dye, Cy3UB.®1° Like many such aggregate-forming
dyes, this is a cyanine dye, the planarity and large polarizability of which favors aggregate formation in
poor solvents, and even the isolated molecule shows a fairly narrow emission spectrum (Figure 32B
center), with the aggregate (Figure 32B right) clearly showing the three characteristics of J-aggregate
spectra noted above, notably a narrower 0,0 emission.

Although, as noted above, narrow absorption and emission features can be obtained in the solid
state for dyes that form highly ordered J-aggregates. However, for many dyes considerable broadening, and
in some cases emission quenching, is obtained, due to H-aggregate formation, due to the formation of
aggregates in which there are multiple different interchromophore couplings, and/or to disorder affording
a range of different chromophore environments. An alternative approach to retaining, or partially retaining,
solution-like narrow bands in the solid state is through site isolation. This in principle can be achieved using
dilution in an “optically innocent” host material or by functionalizing the chromophore with groups
intended to disrupt interchromophore interactions (Figure 32C). Unfortunately, the classes of dyes that
exhibit narrow features in dilute solution, especially at longer wavelengths, such as cyanines, tend to be
highly polarizable, which makes disruption of interchromophore interactions particularly challenging. For
example, the left panel of Figure 32D shows absorption spectra for films of a cyanine dye diluted in
amorphous polycarbonate (APC) and functionalized by increasingly bulky Fréchet dendrons (structures
shown in Figure 32C); although the largest dendron does lead to the narrowest solid-state absorption, this
feature is still considerably broader than that seen in solution.®!! The specific point of dendron attachment
and the flexible bridge between the dye and the dendron evidently does not effectively protect the n-systems
of the dyes from approaching those of their neighbors. On the other hand, similar dendrons attached to axial
ligands in metal phthalocyanines and naphthalocyanines have led to successful preservation of narrow
linewidths, presumably becase in these cases the dendron effectively blocks the m-faces of the
chromophores (Figure 32E)®'2. Returning to cyanines, an approach that has been more successful is to use
substituents — both organic®3®* and, as shown in Figure 32C and the right panel of Figure 32D,
organometallic moieties®'®%1® — that are rigidly out-of-plane at the position immediately adjacent to the n-
system. This approach has also been somewhat successful with other cyanines and other classes of dyes
including merocyanines and perylene diimides.®®
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Figure 32. (A) Schematic showing how a side-by-side (H-aggregate) alignment of chromophore transition
dipoles leads to a low-energy non-emissive state, but how end-to-end (J-aggregate) alignment leads to an
emissive state lower in energy than that of the monomer. (B) Structure of Cy3UB, an example of a cyanine
dye reported to form J-aggregates, along with absorption and emission spectra of monomeric Cy3UB in
MeOH and of Cy3UB J-aggregates in 9:1 MeOH / H,O. Spectra reproduced from ref 610. Barotov, U.;
Klein, M. D.; Wang, L.; Bawendi, M. G. Designing Highly Luminescent Molecular Aggregates via Bottom-
Up Nanoscale Engineering. J. Phys. Chem. C 2022, 126, 754-763. Copyright 2022, American Chemical
Society. (C) Examples of the use of bulky substituents to attempt to achieve ‘“site isolation" of
chromophores in the solid state. (D) Absorption spectra of C7 derivatives shown in (C) in solution and in
high-concentration films, showing the limited effectiveness of the Fréchet-type dendron approach (left) vs.
the use of a rigidly out-of-plane bulky organometallic substituent (right) in preserving solution-like spectra
in films. Spectra reproduced from ref 611 and 612. Scarpaci, A. Nantalaksakul, J. M. Hales, J. D. Matichak,
S. Barlow, M. Rumi, J. W. Perry, S. R. Marder, Effects of Dendronization on the Linear and Third-Order
Nonlinear Optical Properties of Bis(thiopyrylium) Polymethine Dyes in Solution and the Solid State, Chem.
Mater., 2012, 24, 1606-1618. Copyright 2012, American Chemical Society. Dasari, R. R., Sartin, M. M.,
Cozzuol, M., Barlow, S., Perry, J. W., Marder, S. R. Synthesis and Linear and Nonlinear Absorption
Properties of Dendronised Ruthenium(ll) Phthalocyanine and Naphthalocyanine, Chem. Commun., 2011,
47, 4547-4549. Copyright 2011, Royal Society of Chemistry. (E) Absorption of ruthenium
naphthalocyanine derivatives shown in (C) in solution and in neat films, showing that, in this case, the use
of Fréchet-type dendrons leads to solution-like spectra in the solid state. Spectra reproduced from ref 612.
Dasari, R. R., Sartin, M. M., Cozzuol, M., Barlow, S., Perry, J. W., Marder, S. R. Synthesis and Linear and
Nonlinear Absorption Properties of Dendronised Ruthenium(ll) Phthalocyanine and Naphthalocyanine,
Chem. Commun., 2011, 47, 4547-4549. Copyright 2011, Royal Society of Chemistry.
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In summary, this section has emphasized that the organic molecules with the narrowest molecular
emissions are those with minimal geometry changes between the ground and excited states, which lead to
the following design guidelines:

1) cyanines and related dyes (Figure 31) that have frontier orbitals with nodes lying on (or nearly on),
rather than between, atoms exhibit spectra that are narrow due to being dominated by 0,0
transitions, whereas in polyene dyes with nodes lying between atoms, strong coupling to high-
frequency C—C modes leads to much broader emission

2) the 0,0 transitions of dyes are generally narrower when low-frequency out-of-planes modes are
suppressed by incorporation into rings so that, for example, phthalocyanines often exhibit narrower
emissions than cyanines

3) strong solvent-dye interactions result in a distribution of dye-solvent complexes, each absorbing at
different energies, so that highly dipolar dyes tend to have the broadest spectra and thus should be
avoided.

Finally, J-aggregate formation can lead to further narrowing of emissions, but other forms of aggregation
—including H-aggregate formation, which leads to broader spectra and largely quenches fluorescence —
should be avoided or suppressed through site-isolation strategies.

5. Connections, Conclusions, and Charting a Path Forward

By virtue of their scalability, processability, and versatility, solution processed semiconductors
have transformed the landscape of emissive technologies and are poised to play a prominent role in their
further development. As discussed in section 2, colloidal quantum dots, for example, already make up the
“Q” in QLED and the “QD” in QD-OLED displays but are currently being developed by companies,
including Nanosys, for electroluminescent quantum dot screens. Looking further to the future, solution
processed semiconductors will be a leading contender as scalable components for quantum information
science. However, as highlighted in sections 2 and 3 of this review, challenges from a fundamental research
standpoint remain. Focusing first on opportunities opened by gaps in our fundamental understanding of
solution processed semiconductors, new strategies to control the structure and surface of individual
nanocrystals, including vibrational coupling with the surface and the environment are needed to control
dynamic or homogeneous broadening. We must better understand how to design and harness growth
mechanisms that support narrow polydispersity, as well as leverage techniques that enable size selection
post-synthetically including digestive ripening, size selective purification, and crystallization. Finally, we
must develop new approaches to minimize broadening from environmental factors by carefully controlling
interfacial structure and bonding as well as control the environments themselves, including cavity
integration, as part of a systems-level approach to controlling colloidal semiconductor PL.

In section 4 of this review, we discussed the factors influencing PL linewidths in a variety of
solution-processed semiconductor materials. Dynamic or homogeneous broadening in binary
semiconductor nanocrystals leads to PL emissions with FWHM often on the order of 20-40 meV, somewhat
narrower than the narrowest emissions observed for non-aggregated organic dyes in solution. However,
static inhomogeneous broadening associated with nanocrystal size dispersity is often a limitation and
synthetic strategies to prepare more monodisperse samples and purify ensembles with size selection are still
needed. With their more recent emergence from a research and development standpoint, metal-halide
perovskites have had a disruptive impact on the field of colloidal semiconductors. 3D metal-halide
perovskites have PL linewidths that are comparably narrow relative to binary semiconductors, both in the
bulk and in the nanocrystal form. 2D metal-halide perovskites tend to exhibit somewhat broader emission
than their 3D counterparts, some examples giving very broad emission attributable to the formation of self-
trapped excitons. Excitingly, there is a lot of room to tune emission energies and linewidths through design
of the organic spacer molecules. Doping of colloidal semiconductors with isolated d- or f-block ions can
result in a wide range of different transition types and thus a wide range of PL linewidths. Exceptionally
narrow emission (down to ca. 0.5 meV) can be obtained when the lowest such states are f-f transitions
associated with lanthanide ions, which are relatively insensitive to their chemical environment, but often
suffer from weak intensities due to being Laporte forbidden. In the special case of molecular
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semiconductors, organic molecules with the narrowest molecular emissions are those with minimal
geometry changes between the ground and excited states. Further narrowing of emission spectra can be
obtained in these molecular systems through the formation of supramolecular J-aggregates.

We hope that this review will serve as a tutorial for newcomers to the area of solution phase

semiconductors as well as a go-to resource for researchers and technology practitioners alike.
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