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ABSTRACT: Lasers and optical amplifiers based on solution-processable materials have
been long-desired devices for their compatibility with virtually any substrate, scalability, and
ease of integration with on-chip photonics and electronics. These devices have been pursued
across a wide range of materials including polymers, small molecules, perovskites, and
chemically prepared colloidal semiconductor nanocrystals, also commonly referred to as
colloidal quantum dots. The latter materials are especially attractive for implementing
optical-gain media as in addition to being compatible with inexpensive and easily scalable
chemical techniques, they offer multiple advantages derived from a zero-dimensional
character of their electronic states. These include a size-tunable emission wavelength, low
optical gain thresholds, and weak sensitivity of lasing characteristics to variations in
temperature. Here we review the status of colloidal nanocrystal lasing devices, most recent
advances in this field, outstanding challenges, and the ongoing progress toward technological
viable devices including colloidal quantum dot laser diodes.
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1. INTRODUCTION

Present-day semiconductor lasers are based on optical gain
media that comprise one or multiple thin, atomically defined
semiconductor layers or “quantum wells” grown by vacuum-
based epitaxial techniques." The quantum wells are usually
made of binary, ternary, or quaternary combinations of III-V
semiconductors. For example, compounds such as In Ga;_ N
and (Aleal_x)l_yInyP are used for lasing in the visible spectral
range,z’3 while materials such as In,Ga;_,As and
Ga,In,_,AsSb,_, are employed for lasing in the range of
infrared (IR) wavelengths.”” Commonly, the semiconductor
gain medium is excited electrically, which is accomplished by
incorporating it into a charge injection architecture similar to
that of a traditional light emitting diode (LED). These devices,
termed laser diodes, are highly efficient and can produce power
outputs of up to hundreds of Watts in a wide range of
wavelengths from the IR® to the ultraviolet (UV).” The
breadth of available performance characteristics in combina-
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tion with the simplicity of electrical pumping make laser diodes
the most widely used laser devices.

While traditional laser diodes satisfy many existing needs,
there are certain areas that would be better served by lasers
based on solution-processable materials. In particular, there is a
considerable need for lasers and optical amplifiers that could
be readily integrated with silicon technologies. This would
open the door to very large-scale integration (VLSI) in
microelectronics,® simplify integration of photonic and
electronic circuits,” and allow for on-chip implementation of
photon-based quantum information and communication
schemes.'” The integration of the existing III-V lasers and
amplifiers with Si-based microelectronic devices is notoriously
difficult due to material incompatibility issues. Therefore,
present-day solutions entail either off-chip or wafer-bonded
lasers/amplifiers."’ This complicates the fabrication cycle,
greatly limits the system complexity, and increases the cost.
Other areas that would greatly benefit from the availability of
solution-processable lasing devices include lab-on-a-chip plat-
forms,"* wearable devices,"®> and advanced medical diagnos-
tics."*

In addition to enabling future advances across a diverse
range of technologies, the use of solution-processable systems
could simplify the fabrication protocols by eliminating the
need for a clean-room environment, removing stringent lattice-
matching requirements, and expanding the palette of materials
used as both lasing media and underlying substrate or
embedding matrix. Importantly, as in present-day colloidal
quantum dot (QD) LEDs, in prospective QD laser diodes, an
entire device stack can be assembled on an inexpensive
substrate (made of, e.g, glass or plastic) using low-cost high-
throughput techniques such as spin-coating or inkjet printing
supplemented by standard thermal evaporation (for, e.g,
application of contacts)."”™"” This is expected to lead to a
dramatic cost reduction compared to epitaxial devices,
especially in the case of large-area structures.'®"

Several systems have been under investigation in the context
of solution-processable solid-state lasers. These include organic
semiconducting polymers and small molecules,”® solution-
grown semiconductor nanowires,”’ as well as organic—
inorganic (“hybrid”) and all-inorganic perovskite prepared as
bulk films***’ or nanostructures with different form
factors.”*** All of these systems achieved lasing with optical
excitation; however, realization of the lasing effect with
electrical pumping has been challenging. Among organic
materials, the most successful system has been, perhaps, 4,4'-
bis[(N-carbazole) styryl]biphenyl (BSBCz).”® Optical gain
media made of these molecules exhibited low amplified
spontaneous emission (ASE) thresholds®” and featured good
stability in short-pulse electroluminescent (EL) devices up to
very high current densities of ~3 kA cm™%>" Recently, BSBCz
molecules were used to realize devices that showed the
emergence of coherent laser emission mixed with incoherent
EL.*

A promising class of solution-processable gain media is
semiconductor nanocrystals fabricated using benchtop colloi-
dal techniques.>*”7>* As prepared, nanocrystals comprise a
nanosized semiconductor core overcoated with a shell of
organic molecules. Due to the presence of both organic and
inorganic structural components, colloidal nanocrystals com-
bine chemical flexibility of molecular structures with
advantages of well-understood inorganic semiconductors. In
particular, they can be chemically manipulated as large
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molecules, which simplifies their integration with photonic and
electronic structures without restrictions imposed by lattice-
match requirements or the need for costly vacuum-based
fabrication techniques. At the same time, they exhibit beneficial
features of quantum-confined inorganic semiconductors such
as high chemical and environment stability and a size-
dependent bandgap. The latter property allows one to
continuously tune their emission spectrum across a wide
range of wavelengths and, in particular, fill spectral gaps not
covered with the existing lasers. Importantly, semiconductor
nanocrystals maintain high emission efliciencies from the UV,
throughout the visible and to the IR spectral range.”> > This
is a favorable distinction from, for example, organic molecules
that are very poor IR emitters.”® In addition, a wide separation
between nanocrystal atomic-like electronic states inhibits
thermal depopulation of the light-emitting band-edge levels,
which reduces optical-gain and lasing thresholds compared to
bulk materials and improves temperature stability of lasing
characteristics.”’

Modern colloidal techniques allow for atomic-level control
of nanocrystal dimensions, shape, and internal structure.”*™*'
Nanocrystals can exhibit a variety of morphologies such as
“nanospheres”,42 “nanocubes”,™** elongated “nanorods”,* flat
“nanoplatelets” (NPLs),***” branched “tetrapods”,*® and
“spherical quantum wells”.*’~>" If all three dimensions of a
nanocrystal are “quantum-confined,” it can be treated as a zero-
dimensional (0D) structure, often referred to as a “quantum
dot”, independent of its exact shape. Sufficiently long nanorods
exhibit properties of 1D structures, while large-area NPLs are
akin to 2D quantum wells. Thus, colloidal nanomaterials allow
one to access all three confinement regimes: 0D, 1D, and 2D.

Nowadays, semiconductor nanocrystals are not just the
subject of scientific curiosity but mature technological-grade
materials that can be found in commercial products such as
displays and television sets. Presently, most of the nanocrystal
applications exploit their excellent light-emitting properties
stemming from high-emission efficiencies, size-controlled
emission colors, and narrow emission linewidths. There is
also a considerable potential for nanocrystals as optical gain
materials for implementing color-selectable lasers processed
from solutions."”**™** In fact, semiconductor nanocrystals
were the first class of 0D nanostructures that demonstrated the
lasing effect.”® These pioneering experiments were conducted
in the early 1990s using CdSe nanocrystals prepared by high-
temperature precipitation in molten glasses.”> When incorpo-
rated into a Fabry—Pérot cavity, the nanocrystal sample
showed lasing at the band-edge transition which was displaced
by more than 100 meV from the bulk bandgap due to
quantum-confinement effects.

Despite the success of these early experiments, the
realization of lasing with colloidal nanocrystals encountered
several problems, one of which was an expected detrimental
influence of nonradiative Auger decay, whose rate was
extremely fast in small-size colloidal particles.”® Eventually
these challenges were resolved, and amplified spontaneous
emission (ASE)— a precursor of lasing — was realized with
colloidal CdSe QDs.”” An important result of these studies was
the demonstration of ASE at 2.3 eV (at temperature T = 80 K).
This corresponded to the green color as opposed to the deep-
red emission due to the band-edge transition of bulk CdSe
(~1.83 eV at T = 80 K). This indicated a very large
confinement-induced bandgap shift of almost 500 meV.
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Despite more than two decades of research, nanocrystal
lasing is still not at the stage of commercial products. As in the
early days of lasing research, the progress has been impeded by
fast Auger recombination of optical-gain-active multiexciton
states and the related difficulties for realizing lasing with
continuous wave (cw) optical and electrical excitation.
Recently, there has been considerable progress in the
development of approaches for highly effective control of
Auger decay using methods such as stepwise or continuous
compositional grading of the nanocrystal interior.”” > These
new developments have led to several important advances in
the nanocrystal lasing field, which include the demonstration of
optically pumped cw colloidal QD lasers,” the realization of
subsingle-exciton lasing with charged QDs,°" the demonstra-
tion of optical gain regime with electrical injection,"**” and the
development of dual-function devices that operate as an
ultrahigh-current-density LED and an optically excited laser.””
An important recent breakthrough is the realization of
electrically pumped ASE light sources based on colloidall
QDs.”> The development of these devices opens tremendous
opportunities across multiple fields from general laser
technologies to emerging areas of on-chip photonics®* and
plasmonics,”> optical interconnects for high-performance
computing,®® and biosensing.’”

There have been a number of reviews devoted to
fundamental and applied aspects of nanocrystal las-
ing.">?73*%® The purpose of the present review is to focus
on the most recent advances in this field and to discuss the
outstanding challenges and prospects of nanocrystal lasing
technologies. Specific topics covered in this review include
general principles of nanocrystal lasing, advanced optical gain
concepts, emerging nanocrystal-based optical gain materials,
and fundamental and applied aspects of nanocrystal laser
diodes. Among the newest developments overviewed here are
the recent implementation of a “charged-exciton” gain concept
with chemically treated PbS nanocrystals for lasing in the range
of IR wavelengths, the demonstration of sub-bandgap lasing
due to Auger-assisted stimulated emission, the new low-
optical-loss charge-injection architectures for light amplifica-
tion devices, and the realization of ASE with electrical
excitation using nanocrystal LEDs with an integrated photonic
waveguide.

2. GENERAL PRINCIPLES OF NANOCRYSTAL LASING

2.1. Electronic States in Semiconductor Nanocrystals

A characteristic length scale of electronic excitations in
macroscopic semiconductor crystals is defined by the exciton
Bohr radius, a,. If one of the dimensions of a nanocrystal is
comparable to or smaller than a, its electronic energies
become dependent on the particle size, which is known as the
quantum-size effect. By exploiting this phenomenon, it is
possible to tune the nanocrystal bandgap (Eg), which yields a
powerful tool for wide-range tuning of the emission energy of
nanocrystal materials.

Another characteristic feature of small-size nanocrystals,
which can be classified as 0D QDs, is a discrete, atomic-like
structure of electronic levels that replace the continuous energy
bands of a macroscopic crystal (Figure 1). If one neglects
intraband mixing, each bulk-semiconductor band gives rise to a
series of discrete energy levels. These levels can be calculated
using, for example, the effective mass approximation wherein
QD electron and hole wave functions are presented as a
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Chem. Rev. 2023, 123, 8251-8296


pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00865?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

pubs.acs.org/CR

REVIEY

Chemical Reviews
2  Bulk crystal QD
. 1D
Conduction band e
1P,
- 1S,
Eg = Eg,o +AEconf
T ‘-' 1Sh
1P,
Valence band 1Dy,
b E M v Cds
[ v ® cdse
4 v CdTe
S [ v = P
< r v » PbS
r v
% 3 o v,v“"‘ PbSe
S - R T L TR cds
L | "l'
S 2 -
§ oo T e —T
5 FresseRes=sates b S TrasnssRassRRRsasan InP
1 = »
r »b »y
......................................... ggg
r e
0 Ll . L
10° 10’

QD radius (nm)

Figure 1. (a) A bulk semiconductor has continuous conduction and
valence energy bands separated by a fixed bandgap Ego A
semiconductor QD features discrete atomic-like states whose energies
are dependent on QD radius, R, due to the quantum-size effect. The
three lowest energy levels of a spherical QD are usually labeled as 1S,
1P, and 1D. They correspond to states with the orbital momentum of
the envelope wave function L = 0, 1, and 2, respectively. The QD
bandgap is defined by the energy separation between the 1S electron
and hole states and is given by the sum of the bulk bandgap and the
confinement energy (AE.,), which scales approximately as 1/R%
Adapted with permission from ref 32. Copyright 2021 Springer
Nature Limited. (b) Size-dependent emission energies of QDs of IV-
VI (PbS,”>~7* PbSe”®), II-V (InP’®”7), and 1I-VI (CdE, E = Te,”®”’
Se, "% §7%%1) semiconductors (colored symbols). The respective
bulk-semiconductor bandgaps are shown by color-matched horizontal
lines. Reproduced with permission from ref 15. Copyright 2021
Springer Nature Limited.

product of a periodic Bloch function and an envelope wave
function.””””" The Bloch function is defined by an oscillating
potential of the underlying crystal lattice, while the envelope
wave function reflects a specific shape of the 0D confinement
potential.

In the case of a spherical particle, the envelop wave function
can be classified using two quantum numbers, L and n. L is
defined by the orbital momentum of the envelope wave
function, and 7 is the state number in a series of states with the
same L. L is usually denoted using an atomic-orbital-like
convention, thatis, S, P, D, F, ... for states with L =0, 1, 2, 3, ...,
respectively; and # is a digit that varies from 1 to infinity. The
QD states are usually denoted as “nL”. For example, states with
L = 0 can be labeled as 1S, 2§, 35, ...

In the case of an infinitely high potential barrier, the size-
dependent energies of QD electron (e) and hole (h) states can
be found from

hz¢nZ,L

"~ 2mRY

242
_ e
2m, R

e,n,L Eh,n,L

(1)
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where R is the QD radius, m, and m, are the effective electron
and hole masses, 7 is the reduced Planck’s constant, and ¢, is
the n™ root of the spherical Bessel function of the L™ order.
For the 1S band-edge state (L = 0 and n = 1), ¢b;5 = 7. The
next energy state (1P) corresponds to ¢;p = 4.49. Other states
in the order of increasing energy are 1D (@, = 5.76), 2S (¢hys
=27x), 1F (¢5 = 6.99), etc. (Figure 1a). Each quantized level is
(2L + 1) degenerate due to different projections of the orbital
momentum described by quantum number M. This number
varies from —L to +L in increments of 1. In the absence of
magnetic field, it does not influence electronic-state energies.

The nanocrystal bandgap is defined by the energy separation
between the band-edge electron and hole quantized levels. In
the case of spherical QDs, is can be approximated by the sum
of a bulk-semiconductor bandgap (Eg,o) and the energies of the
1S electron (1S,) and hole (1S,) states (Figure la):

hZﬂ_Z hZﬂ_Z
E,=E +E c+E, s=FE,+—s
g 2,0 e, 1S h,18 2,0 2meR2 thRZ
hZ 2
=By + ——
2mgR (2)

where my, = mgmy/(m, + my,). This expression indicates that
the QD bandgap increases with decreasing R following the 1/
R* dependence. The correction to the bulk-material bandgap
arising from the quantum-size effect is defined by the
22
40 = z::RZ' This quantity
can reach hundreds of millielectronvolt in sufficiently small
particles, which allows for facile manipulation of emission color
by varying particle dimensions. In particular, as illustrated in
Figure 1b, using size-controlled QDs of IV-VI (PbS”*™"* and
PbSe”®), M-V (InP’®””), and II-VI (CdTe, ®” CdSe,***°
cds,”#%! HgTe and HgSegz) semiconductors, the emission
energy can be continuously tuned from the IR to the UV
spectral range. This is of great benefit to lasing application as it
would help fill spectral gaps that are not presently accessible
with existing lasers.

While the above model describes the key features of 0D
nanocrystals, it does not account for all complexities of real
semiconductor materials such as the existence of multiple
valence sub-bands typical of II-VI and III-V semiconductors. In
particular, confinement-induced mixing between different sub-
bands leads to a c0m4plex, multicomponent structure of a hole
wave function.”"®**" In this situation, the description of
valence band states requires an additional quantum number, F,
which is the total hole angular momentum defined by the sum
of the Bloch-function and the envelope-function momenta. In
the notation of hole states, the F-number is commonly
indicated by a subscript, that is, shown as nLp.

In II-VI and III-V materials, the angular momentum of the
valence-band Bloch function is 3/2. Hence, the total
momentum of the 1S band-edge hole is also 3/2 as L = 0.
Due to different projections of the total angular momentum,
the hole states are (2F + 1) degenerate. Based on its F-number
of 3/2, the band-edge hole state (1S;),) is 4-fold degenerate. In
nanocrystals, this degeneracy is usually lifted due to effects of
crystal field and shape asymmetry.” Further splitting occurs
due to electron—hole exchange interactions.®>*¢ All together,
these effects lead to a complex “fine structure” of QD
electron—hole (exciton) states that has a profound effect on
QD light-emission properties and, in particular, the depend-

confinement energy, AE o = E, — E
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2.2. Optical Gain in Nanocrystals

2.2.1. Optical Gain Mechanism. Light amplification or
optical gain occurs due to the effect of stimulated emission.
This process represents a response of a material to incident
light. In particular, if an external stimulus (optical, electrical, or
chemical) promotes the material to an excited state, instead of
absorbing an incident photon it can generate a duplicate
photon, which would lead to light amplification. For this effect
to occur, stimulated emission must overwhelm optical
absorption, which is realized under the condition of so-called
“population inversion”, the situation when the number of
excited species in the medium (atoms or molecules) is greater
than the number of species remaining in the ground state.

To understand key features of light amplification in a QD
medium, we will focus on a band-edge transition that couples
the 1S, and 1S, states (Figure la). These states form a two-
level system that consists of 2-fold spin-degenerate valence
band (VB) and conduction band (CB) levels (Figure 2a). In
the unexcited QD, the VB level contains two electrons each of
which can absorb an incident photon. If one of the VB
electrons is promoted to the CB, this creates a single electron—
hole (e-h) pair or a single-exciton state. In this case, the
incident photon can be either absorbed by the electron
remaining in the VB or duplicated by stimulated emission by
the CB electron. These two processes compensate each other,
implying that the net effect is optical transparency. If both VB
electrons are promoted to the CB, this creates a two-exciton or
a biexciton state. This state responds to the incident photon by
stimulated emission arising from one of the other CB electron.
Based on these considerations, light amplification requires
biexcitons. Further, in order for stimulated emission to
overwhelm absorption and thus generate net optical gain, the
number of QDs excited with the biexcitons must be greater
than that remaining in the ground state.

2.2.2. Optical Gain Threshold. To quantify the optical
gain conditions, we will use a “three-state model” originally
introduced in ref 88. This model assumes that a QD can be
either unoccupied or occupied with one or two excitons
(Figure 2b). The probabilities of these states are, respectively,
Py, Py, and Pyy, and their sum is 1. For optical gain to occur,
Pyx must be greater than Py, while the gain threshold
corresponds to condition P, = Pxy. Given that Py + Px +
Pyx = 1, this condition can be satisfied if Py = 1, that is all QDs
in the gain medium are occupied with a single exciton or the
average per-dot excitonic occupancy (N) is 1.

In a real-life experiment, when QDs are excited with short
optical pulses and the pump-photon energy is well above the
band-edge, the exciton distribution in a QD medium can be
described by Poisson statistics for which p; = ((N)//if)e~®™.*’
Here p; is the probability of a QD to be excited with i excitons
where i varies from 0 to infinity. In order to adapt Poisson
statistics for the case of our three-state model, we assume that
all multiexcitons contribute to optical gain as biexcitons, that is,
Pyx = 1 — py — p1.>* Thus, condition P, = Pyy can be rewritten
as 1 — e (1 + (N)) = e™, which yields the optical gain
thresholds, (Ny, guin), of ~1.15. This quantity is just slightly
above (N, guin) = 1, realized for a uniform distribution of
excitons in the QD ensemble.
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Figure 2. (a) A simplified optical-gain model in which a QD band-
edge transition is approximated by a two-level system comprising 2-
fold-degenerate VB and CB states. In its ground state, the QD can
only absorb an incident photon. The single-e-h pair (single-exciton)
state corresponds to optical transparency as the processes of
absorption and stimulated emission compensate each other. The
two-e-h-pair (biexciton) state responds to the incident photon by
producing a duplicate photon via simulated emission. This leads to
light amplification. (b) A three-state model used to analyze QD
optical gain takes into consideration optical transitions between the
QD ground (l0)), single-exciton (IX}), and biexciton (IXX)) states.
These states occur in the QD ensemble with probabilities Py, Py, and
Pyy, respectively. They interact with a resonant optical field via
processes of absorption (upward arrows) and stimulated emission
(downward arrows) whose rates are indicated next to the arrows. The
transition rates are computed for the unity photon density and are
presented in terms of the rate of a single spin-allowed transition (y).**
Because in the QD ground state, the VB level contains two electrons,
the rate of the “absorbing” 10) — IX) transition is 2y. A single-exciton
state comprises 4 configurations with different combinations of
electron and hole spins. Due to optical selection rules, only 2 of these
configurations are optically active. Hence, the rates of the “emitting” (|
X) — 10)) and the “absorbing” (IX) — IXX)) transitions originating
from the single exciton are given by y/2. In the case of the IXX) state,
either of the CB electrons can emit a photon via a spin-allowed
transition. Hence, the total transition rate is 2y. Adapted with
permission from ref 88. Copyright 2015 American Chemical Society.

2.3. Auger Recombination and Its Implications for Lasing

2.3.1. General Trends in Auger Recombination. The
above analysis indicates that optical gain species in QDs are
biexcitons and other multiexcitons of higher multiplicity. This
suggests that optical gain decay is controlled not by single-
exciton recombination but by multiexciton dynamics. This
represents a serious complication for realizing lasing and
optical gain as multiexciton recombination in 0D nanocrystals
is extremely fast due to nonradiative Auger recombina-
tion.”*”°™" In this process, an e-h pair recombines not by
emitting a photon but by transferring its energy to a charge
carrier colocated in the same dot (Figure 3, bottom). Auger
recombination directly competes with stimulated emission
(Figure 3, top) and as a result it hampers the development of
laser action.
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Figure 3. Top: Illustration of light amplification by a QD biexciton
state. An incident photon triggers stimulated emission by one of the
CB electrons which produces a photon duplicate. Bottom: In QDs,
this process directly competes with fast biexciton nonradiative decay
via the Auger process. During Auger decay, the electron—hole
recombination energy dissipates by energy transfer either to an
electron or a hole located in the same QD. These two recombination
channels are often referred to as negative- and positive-trion pathways,
respectively. Reproduced with permission from ref 32. Copyright
2021 Springer Nature Limited.

The time scales of Auger recombination and the detrimental
implications of this effect for QD lasing were first analyzed in
two related papers that appeared in 2000 (refs 29 and 54).
These studies focused on a series of size-controlled colloidal
CdSe QD samples. They revealed quantized steps in Auger
dynamics associated with decay of discreate two-, three-, and
four-exciton states. This work also uncovered the “volume
scaling” (known also as “V-scaling”) of Auger lifetimes, that is,
direct proportionality of Auger time constants (z,) and the
nanocrystal volume (Vyc).”* As was demonstrated by multiple
follow-up studies, this trend is remarkably general and is
observed for practically all studied nanocrystal compositions
including direct (e.g., CdSe, PbSe, PbS, and InASs), indirect
(e.g, Ge and Si) semiconductors, as well as perovskite
nanocrystals (Figure 4).%%%%9237100

Importantly, nanocrystals of different materials exhibit not
only the same functional (linear) dependence of 7, on V¢ but
nearly the same time constants for a given nanocrystal volume.
The effect of “convergence” of Auger time constants is
especially dramatic if one compares nanocrystals of direct (e.g.,
CdSe) and indirect (e.g, Ge) semiconductors.”” In the bulk
form of these materials, Auger lifetimes differ by orders of
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Particle volume (nm?3)

Figure 4. Volume scaling (V-scaling) of biexciton Auger lifetimes
illustrated using series of size-controlled QDs of wide-gap II-VI CdSe
(orange, brown, blue and red symbols), narrow-gap IV-VI PbS (black
symbols), indirect-gap group-IV Si (purple symbols), and CsPbBr;,
and CsPbl, perovskites (green symbols) Symbols are experimental
data for CdSe QDs (orange squares,® orange circles,”* orange uprlght
trlangles, S orange diamonds,”® and orange 51dew15& trlangles 7), PbS
QDs (black c1rcles”) Si QDs purople squares>”), CsPbBr; perovskite
QDs (green circles” and squares'®), CstI3 perovskite QDs (green
diamonds®™), thick- shell CdSe/CdS “giant” QDs (g-QDs, brown
hexagons™ and square 9, alloyed CdSe/CdSe;sSy5/CdS QDs (blue
diamonds® ) and contlnuously graded cg- QDS CdSe/Cd,Zn,_,Se/
ZnSey Sy s (red circle,* star,'*" and trlangle %). Lines are fits using V-
scaling with y = 1 ps nm ™ (orange line; CdSe, PbS, and Si QDs) and
x = 006 ps nm™> (greenline; perovskite QDs). Adapted with
permission from ref 32. Copyright 2021 Springer Nature Limited.

magnitude. This is due to the difference in the recombination
mechanism which requires participation of phonons in indirect
materials and is phonon-less in direct semiconductors.
However, this distinction disappears in the case of the
nanocrystals that show very similar time constants for particles
of the same volume.”

In the case of biexcitons, V-scaling can be presented as Taxx
= yV, where y is a “universal” constant of ~1 ps nm™ whlch is
independent of nanocrystal composition®”*? (Flgure 4,
orange line). So far, the only investigated system for which
the value of y is different is perovskite nanocrystals. Their
Auger lifetimes also follow V-scaling; however, the y constant
is considerably smaller than for, for example, II-VI and IV-VI
semiconductors. In particular, based on the measurements of
CsPbBr; and CsPbl; perovskite nanocrystals, y is approx-
imately 0.06 ps nm™> (Figure 4, green line), implying that the
Auger lifetimes in this case are more than an order of
magnitude shorter than for moretraditional semiconductor
compositions.

Based on conventional V-scaling with y = 1 ps nm™>, the
biexciton Auger lifetime varies from ~4 ps to ~270 ps for
spherical QDs with radii from 1 to 4 nm, which is the size
range of typical CdSe nanocrystals. These time constants are
much shorter than biexciton radiative lifetimes (7,xx) that are
on the nanosecond time scale.””'%> This implies that even in
the absence of defect-related nonradiative channels, biexciton
emission efficiencies are extremely low (typically, 0.1 to 5%,
depending on nanocrystal size’*) due to intrinsic Auger decay.
Apparently, this creates a serious problem in the case of lasing
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applications as optical gain in nanocrystals relies on stimulated
emission from biexcitons.

2.3.2. Implications for Lasing: Critical Nanocrystal
Concentration. Fast multiexciton Auger recombination leads
to very short optical gain lifetimes. As was first realized in ref
29, this can prevent light amplification unless the nanocrystal
concentration is sufficiently high for stimulated emission to
outpace Auger decay. The nanocrystal concentration (p)
needed to meet this requirement is defined by the condition
that the rate of stimulated emission under gain saturation
(rsg,) is greater than the rate of biexciton Auger decay (ryxx =
1/75xx)- The critical concentration (p = p,y;,) corresponds to
the situation then the two rates are equal to each other, that is,
rsgo = 1/Taxx- Quantity rgg o can be expressed as rgp o = f(c/n,)
Gy, where Gy is the saturated gain coefficient (realized when all
nanocrystals in the medium contain two or more excitons), ¢ is
the speed of light, n, is the refractive index, and f is a
dimensionless constant dependent on details of a coupled QD-

. 29,88
cavity system. 758 1f we express Gy as G = POginxx (ogam xx 18
the biexciton gam cross-section), we obtain p., = n,
(ﬁ CUgam,XXTA,XX)

It is convenient to present the critical condition in terms of a
volume fraction of a semiconductor material in the nanocrystal
sample (). For this purpose, we use relationship & = pVy,
which yields

fcrlt n, ) C(ﬂc gain,XXTA,XX> ' (3)

This expression indicates that the critical semiconductor
volume fraction required for laser action increases with
decreasing Auger lifetime following the 1/74xy dependence.
Using eq 3 and Auger time constants typical of standard
(nonengineered) nanocrystals, we obtain that . is from
~02% to ~2%, depending on nanocrystal size.””*® Such
volume fractions can be easily realized with close-packed QD
films for which ¢ is normally greater that 10%. These
considerations motivated the use of dense, solid-state QD
samples in the first demonstration of ASE with colloidal
nanocrystals.”” In addition, the study presented in ref 29 used
femtosecond optical pump pulses whose duration (z, = 100 fs)
was much shorter than the biexciton Auger lifetime. This
allowed for minimizing Auger-related carrier losses during the
stage of the preparation of the optical-gain state. Following this
original publication, the majority of optical gain and lasing
studies of colloidal nanocrystals have utilized the same
approach, that is, the combination of solid-state films as an
optical gain medium and a short-pulse laser as a pump source.

2.3.3. Effect of Auger Decay on Gain and Lasing
Thresholds. In the case of short-pulse excitation when 7, <
Taxx the per-pulse fluence (wp) required to achieve the gain
threshold is given by wy, g = hp{ N gain)/Oapy Where hu, is
the pump photon energy and oy, is the corresponding
nanocrystal absorption cross-section. In the case of Poisson
statistics of photon absorption events (Section 2.2.2), this
yields wy, g1, = 1.15hv,/ 6,1, This quantity does not depend on
the Auger lifetime, indicating that in the case of short-pulse
pumping, Auger decay has no influence on optical gain
thresholds.

The situation changes in the case of cw excitation. To
analyze the cw regime, we will use the three-level system
discussed previously in Section 2.2.2 and displayed in Figure
2b. In the prelasing regime, when the role of stimulated
emission is weak, biexciton decay (time constant 7yy) occurs
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via spontaneous radiative decay and Auger recombination,
which yields the overall time constant expressed as 7xx
TaxxTexx /(Taxx + Tixx). Under steady state conditions,
biexciton decay is compensated by pump-induced exciton-to-
biexciton transitions, that is, Pxx/Txx = gexcPx Where g, is the
excitation rate. Similar considerations applied to the ground
and single-exciton states yield Py/7x = g...Py. Combing the two
expressions together, we obtain Pyy = g. 7xx7xP,. Further,
using the gain-threshold condition (Pxx = P,), we find that the
cw excitation rate required to attain the gain threshold is given
by Gethgain = (Txxtx)” Y2 If expressed in terms of the
excitation intensity (I = gexchv /6.s), the gain threshold is
thgam (hl/ /Gabs)(TXXT )

The above expressions 1nd1cate direct dependence of gain
threshold on the biexciton lifetime. In the case of ordinary
(nonengineered) nanocrystals, the biexciton decay is domi-
nated by Auger recombination, that is, 7xy & Toxx. AS Taxx
decreases with particle size, the realization of steady-state
optical gain regime becomes progressively more difficult as
nanocrystal dimensions are reduced For example, for spherical
QDs, 75xx follows the R dependence, which leads to the
R73? dependence for I gain-

Even more significant are the implications of fast Auger
decay for lasing thresholds, as the realization of the lasing
regime requires that a substantial number of nanocrystals are
excited with gain-active biexcitons in order to both compete
with Auger decay and compensate optical losses due to light
scattering and absorption in a complex device structure. To
estimate the lasing threshold, we will assume that the
realization of laser action requires half-saturated optical gain,
that is, the gain coefficient (G,;,) which is equal to 0.5G,.
Within the three-state model, the optical gain coefficient can
be expressed as G = G, (Pxx — P,). Hence, condition G = G, ,
= 0.5G, can be satisfied if 2(Pxxy — P;) = 1. Combining this
relationship with the expressions for g, .-dependent proba-
bilities Pyx and Px obtained earlier and taking into
consideration the normalization condition (P, + Py + Pxx =
1), we obtain that the excitation rate required to achieve G, is

[1 4+ (1 + 1205 /75)"*]

= (207l (4)
OF exc1/2 X 1/75 xx if we assume that 7yy is dominated by
Auger decay. If presented in terms of the excitation intensity
(I,)2), meeting the G/, condition requires pump intensity I
= hl/p/(o-absTA,XX)‘

The above considerations indicate that Auger recombination
has a stronger effect on the lasing threshold than the optical

gain threshold. The ratio of the two quantities can be

estimated from Ij/,/Iigin R4/Tx/Taxx. This expression

suggests that the realization of lasing becomes progressively
more difficult than the realization of optical gain as the
nanocrystal size is reduced as this leads to shortening of the
Auger lifetime.

To illustrate the difference between I/, and Iy g we
consider midsize nanocrystals with R = 2.5 nm. Based on V-
scaling, their biexciton Auger lifetime is ~65 ps. If single-
exciton decay is due primarily to radiative recombination (that
is, Tx ~ Trx), its room-temperature time constant is size
independent and in the case of CdSe QDs is ~20 ns.'”” These
parameters yield Iy /,/Iy g,in of approximately 20.

It is also illustrative to estimate the magnitude of I ;. In our
estimations, we assume that the CdSe QD sample with R = 2.5
nm is excited at 3 eV. The corresponding absorption cross-

gexc,l/Z
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section is ca. 3 X 107 cm** Using these parameters along
with our earlier estimation of 7,xy, we obtain I, = 2.5 MW
cm™% This extremely high intensity cannot be withstood by
colloidal nanocrystals without damage, which explains the
difficulty for achieving cw lasing with these materials and
highlights the need for effective approaches for suppression of
Auger recombination. Specifically, in order to reduce I/, to a
few tens of KW cm™ or less (that is, to levels compatible with
colloidal nanostructures), it is necessary to increase the
product of 7,xx and o, by a factor of least 100. In the next
Section, we discuss approaches for accomplishing this
objective.

2.4. Control of Auger Recombination

2.4.1. “Giant” Core/Shell QDs and the Realization of
cw Lasing. One approach to lower lasing thresholds entails
the use of core/shell hetero-QDs that contain a small
“emitting” core encased within a thick shell of a wider-gap
semiconductor. On the one hand, this increases the QD
absorption cross-section as the shell serves as a light-harvesting
antenna. On the other hand, this can lengthen the Auger
lifetime if the carrier wave functions leak into the shell region
and thereby increase their localization volume.

In ref 60, this strategy was implemented with so-called
“giant” QDs (g-QDs) wherein a CdSe core was enclosed into a
thick CdS shell. In these structures, the hole is tightly confined
to the core due to a large VB barrier. Because of a much lower
CB barrier, the electron wave function extends into the shell
due to which the biexciton Auger lifetime lengthens to 600 ps.
Simultaneously, the presence of a thick shell leads to the
increased absorption cross-section which reaches 5.5 x 107"
cm® at 2.8 eV used in the lasing experiments. Using the
expression for I, derived in the previous section, we estimate
that the realized enhancements in 7, xx and o, should lower
I,), to about 14 KW cm™?, the level thatcould be withstood by
the nanocrystals. Indeed, the use of these core/shell QDs
allowed for demonstrating cw lasing using devices wherein the
CdSe/CdS QDs were combined with a 2D photonic crystal
cavity. In good agreement with the above estimations, the
observed lasing thresholds were 6.4—8.4 kW cm™>.

While providing proof of feasibility of cw lasers based on
colloidal nanocrystals, the studies in ref 60 also indicated the
need for a more complete suppression of Auger recombination
in order to further lower lasing thresholds. At pump powers
used in that work, the lasing regime was sustained only for 10
to 30 min at which point devices failed due to excessive
overheating.

2.4.2. Compositionally Graded QDs. It has been
demonstrated that Auger decay can be also suppressed by
grading the composition of the QD interior.”>>" The
introduction of compositional gradients smoothens carrier
confinement potential and thereby impedes Auger recombina-
tion by reducing the rate of intraband transitions involved in
the dissipation of the electron—hole recombination en-
ergy. 104105

Originally, the grading strategy was implemented by
inserting a thin alloyed CdSe,S;_, interlayer between a CdSe
core and a thick CdS shell (Figure 5a,b).”**° This approach
proved to be very effective. In particular, the biexciton lifetime
increased to 1.6 ns from 350 ps for standard “giant” CdSe/CdS
QDs.>® The extended Taxx had a positive impact on the
biexciton emission quantum yield (qxx), which was boosted to
11% from ~3% in QDs without an alloyed interlayer.”> An
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Figure 5. (a) A schematic depiction of a core/shell CdSe/CdS QD
(left) and its band diagram (right). (b) Same for a CdSe/CdSe,S,_,/
CdS QD with an alloyed CdSe,S,_, interlayer (1-step alloying). (c) A
core/alloy/shell CdSe/CdSe,S,_./CdS QD (left) wherein an alloyed
interlayer comprises 3 (left) and S (right) layers with different Se-to-S
ratios, which leads to a progressively more gradual change of the
confinement potential. (d) The increase in the number of alloying
steps leads to the increased biexciton emission quantum yield (gxx)
indicating more complete suppression of Auger decay. The black,
blue, orange, and green symbols are data points obtained using single-
dot measurements. The black line is a guide for the eye which
describes the dependence of the average biexciton emission quantum
yields (red symbols) on effective exciton volume. The gray line is the
trend expected for traditional V-scaling of Auger lifetimes.
Considerable deviation between the black and the gray lines which
increases with the number of alloying steps indicates the increasing
degree of Auger-decay suppression. Adapted with permission from ref
57. Copyright 2014 American Chemical Society.

increasingly smoother potential profile, obtained by increasing
the number of alloying steps, led to even stronger suppression
of Auger decay.”’ This was reflected in the increasing gy,
which reached ~30% in the structures with S alloying steps
(Figure 5¢,d).

The most recent advance in the area of Auger-decay
engineering has been the development of continuously graded
QDs (cg-QDs) implemented with a CdSe/Cd,Zn,_,Se system
(Figure 6a).°”°"'% In contrast to quasi-type-Il CdSe/CdS
QDs, wherein interfacial alloying affects primary the hole
confinement potential (Figure 5), the use of type-I CdS/
Cd,Zn;_,Se QDs allows one to realize a gradually varying
potential for both the electron and the hole (Figure 6b). This
helps achieve a stronger suppression of Auger recombination
by impeding Auger-decay channels involving re-excitation of
both an electron and a hole (Figure 3, bottom).

In Figure 6, we display an example of a thick-shell
compositionally graded CdSe/Cd,Zn,_,Se/ZnSe,Sys cg-QD
that contains a 2 nm CdSe core radius, a 7 nm graded
Cd,Zn,;_,Se shell, and a final 0.4 nm ZnSey;S,s protective
layer. An important structural feature of the cg-QDs is a strong
asymmetric compression of the CdSe core that develops as a
result of anisotropic lattice mismatch at the CdSe/Cd,Zn,_,Se
interface.’° This leads to pronounced modifications in their
properties including the increase of the light—heavy hole
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permission from ref 59. Copyright 2017 Nature Publishing Group.
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splitting (A},) to more than 40 meV and shortening of the
single-exciton radiative lifetime, which becomes ~12 ns versus
~20 ns in core-only CdSe QDs.'” These properties are
beneficial for lasing, as a large Ay increases the relative
occupancy of the band-edge heavy-hole state, which lowers the
gain threshold.”° The shortened 7,x implies an increased
emission dipole, which translates into the increased gain cross-
section.

Other beneficial features of cg-QDs are a large absorption
cross-section (1.8 X 107" cm? at 3.1 eV) and a long biexciton
Auger lifetime (7xx & 1.3 ns). Using the latter value and a
biexciton radiative lifetime of 3 ns (7,xx = 7,x/4; ref 102), we
obtain that the biexciton Auger lifetime is as long as 2.3 ns.
This is comparable to the biexciton radiative lifetime,
indicating very strong Auger-decay suppression. In fact,
based on the time constants of cg-QDs, their biexciton
emission quantum yield reaches 43%, a striking difference from
standard CdSe QDs wherein biexcitons are virtually non-
emissive.

The discovery of cg-QDs accelerated the progress toward
technologically viable laser devices including electrically
pumped laser diodes. One significant development was the
demonstration of low-threshold distributed feedback (DFB)
lasers operating in the subsingle-exciton regime.’’ These
devices took advantage of strong suppression of Auger
recombination for negatively charged excitons that were used
as gain-active species. Further, the cg-QDs were applied to
realize for the first time electrically excited optical gain in LEDs
with a special “current focusing” charge-injection architec-
ture.”” A related development was the demonstration of
devices that operated at ultrahigh current densities of ~1000 A
cm™? that allowed for achieving optical gain at both the band-
edge (18) and the high-energy (1P) transitions.'® The cg-QDs
were also employed in dual-function devices that were based
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on a high-current-density LED supplemented by an integrated
DFB cavity.'” These devices operated as an electroluminescent
(EL) structure under electrical bias and as a DFB laser under
optical pumping. The most recent breakthrough enabled by
the cg-QDs was the demonstration of prototype laser diodes
that produced intense edge-emitted ASE under electrical
excitation.”> Some of the above advances are overviewed in
greater details in Section 6 of this review.

3. PRACTICAL ASPECTS OF OPTICAL GAIN AND
ADVANCED GAIN CONCEPTS

3.1. Optical Gain Characteristics

3.1.1. Definitions. When light propagates in an optical
gain medium, photons are multiplied by the process of
stimulated emission, which leads to light amplification. For a
given amplification length (1), the output light intensity (I,
can be related to the input intensity (I,) and the gain
coefficient (G) by I, = I,,e®. As we indicated earlier, G can be
related to the gain cross-section (O'gain) and the nanocrystal
concentration (p) by G = po,

We define material gain (G,,) as the gain coefficient of an
infinitely thick close-packed QD film. Another quantity used in
the literature is a “bulk-equivalent” gain coefficient (Gg).'07108
It can be related to G, using the semiconductor volume
fraction in a sample by Gy = £'G,,. This gain coefficient
corresponds to the ideal situation when nanocrystals are
packed so as £ = 1.

An important device characteristic is the modal gain
coeflicient which can be expressed as G, oq = I'n¢Gaer Here
I'nc is a “mode-confinement” factor that is defined by the
degree of optical-mode confinement within the gain medium.
It is computed as the ratio of the energy of the optical mode
residing within the nanocrystal optical gain layer and the total
mode energy. Typically, in nanocrystal films with thickness
~300 nm or more, ['yc is close to 1. Therefore, the
measurements of such thick films yield gain values that are
close to G,,,.. In EL devices that employ thin nanocrystal films,
I'vc can be considerably smaller than 1, which diminishes
overall gain generated in the device. In well-designed optical-
gain EL devices, I'yc can reach values of 0.3-0.4.%

Another useful device-related characteristic is net optical
gain (G,.). This quantity is defined as the difference between
the modal gain coeflicient generated in the active medium and
the loss coefficient (o) associated with light absorption and
scattering in various components of a complex device
structure. Based on this definition, G, = Gh0q — Qoss:

Earlier, we also introduced the term “saturated” gain. Gain
saturation corresponds to the situation of the maximal gain
coeflicient achievable for a given optical transition. In a simple
model of 2-fold-degenerate band-edge states (Figure 2), gain
saturation is achieved when all nanocrystals in the sample are
excited with biexcitons or other multiexcitons of higher order.
To indicate that a certain gain characteristic corresponds to
gain saturation, we will use the subscript “0” (e.g., Goma OF
GO,mod) .

3.1.2. Transient Absorption Measurements of Optical
Gain. Optical gain characteristics of nanocrystal materials are
often evaluated using a transient absorption (TA) pump—
probe spectroscopy. In the TA experiment, a sample (prepared
as a solution or a solid-state film) is excited above a bandgap
by a short “pump” pulse that generates nonequilibrium e-h
pairs in the nanocrystals. The presence of photoinjected
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carriers modifies the absorption coefficient of the nanocrystal
sample (&) due to effects such as state-filling and Coulomb
carrier—carrier interactions.””'”” The corresponding absorp-
tion change (Aa = a — ap here @, is the ground-state
absorption coefficient of an unexcited sample) evolves in time,
which reflects the carrier relaxation and recombination
dynamics. This evolution is probed by a variably delayed
narrow-band or broadband (supercontinuum) “probe” pulse

(Figure 7a).
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Figure 7. (a) Top: a scheme of a transient absorption (TA) pump—
probe experiment wherein an absorption change (A«) induced by a
pump pulse is probed with a time-delayed probe pulse. Bottom: a
time-synchronized pulse sequence in which every second probe pulse
arrives together with the pump pulse. The probe signals recorded with
and without pump pulses yield absorption coeflicients of the excited
(a) and unexcited (a,) sample, respectively. As a result, this scheme
allows one to obtain the pump-induced absorption change (Aa = a —
@) for each pair of adjacent pump pulses and then average it across
the entire pulse sequence. (b) An illustration of how the acquired
spectrtum of Aa (top left) is summed with the ground-state-
absorption spectrum (a,; bottom left) to obtain the excited state
absorption spectrum (a = a, + Aa; right). Optical gain manifests in
excited-state absorption as negative absorption features with a < 0.

In TA experiments, a signature of optical gain is photo-
induced bleaching (Aa < 0) whose magnitude is greater than
ay(lAal > ;). In this situation, the absorption of a
photoexcited sample becomes negative, that is, @ = o, —
|Aal < 0 (Figure 7b). Usually, this situation is realized for
certain spectra bands (Figure 7b, right), which will be referred
to as optical-gain bands.

By analyzing « as a function of pump intensity (evaluated,
e.g., as the average nanocrystal excitonic occupancy, (N)) one
can obtain the gain threshold (Ny,,,;,) from the intensity at
which & becomes zero. Further, based on the magnitude of &
observed past the threshold, one can derive the gain coefficient

8260

(G = lal) and, then, use it to compute other characteristics of
interest such as the gain cross-section, the bulk-equivalent gain
coefficient, etc.

3.1.3. Variable Stripe Length Measurements of
Optical Gain. The optical gain of solid-state films that show
ASE is commonly measured using a variable stripe length
(VSL) technique.''” In this method, the sample is excited
using a laser beam focused with a cylindrical lens onto a
sample. Using this approach, the excited spot is shaped as a
narrow stripe that ends at (or crosses) one of the sample edges
(Figure 8a). The edge-emitted light intensity is measured as a

Sample
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Figure 8. (a) Optical gain measurements using a variable stripe-length
(VSL) technique. In this method, a nanocrystal film is excited with a
laser beam focused with a cylindrical lens into a narrow stripe, aligned
perpendicular to the sample edge. The edge emitted light intensity is
measured as a function of stripe length varied with a razor blade
translated in or out of the laser beam. (b) An example of VSL
measurements, which exhibit the emergence of a narrow ASE feature
at sufficiently large stripe lengths (1). (c) The measured edge-emitted
emission intensity (Ip;; circles) is fitted to Iy, = Al + Be (line), where
G is the gain coeflicient, and A and B are l-independent constants.

function of stripe length (). If the pump level is above the gain
threshold and the nanocrystal density exceeds the critical value
(p > puiy Section 2.3.2), the sample will exhibit ASE when [
becomes sufficiently long. In spectrally resolved measurements,
this manifests as the emergence of sharp features which
spectrally match the optical-gain bands (Figure 8b). This
effect, commonly referred to as “line narrowing”, is one of the
attributes of the ASE regime. Line narrowing is accompanied
by the fast exponential growth of the emitted intensity Ip,
(symbols in Figure 8c), which can be described by I, = Al +
Be“ (line in Figure 8c). Here the first (linear) term arises from
spontaneous emission and the second (exponential) term is
the contribution from ASE (parameters A and B are length-
independent constants). By fitting the measured I-dependent
intensity to the above expression, one can derive the gain
coeflicient. As was indicated earlier, in the case of sufficiently
thick, low-loss films, this procedure yields the material gain
coeflicient. The VSL technique is also very useful in the case of
devices where it allows one to evaluate net optical gain.®”

3.2. Advanced Optical Gain Concepts
3.2.1. Single-Exciton Gain due to “Giant” Exciton—

Exciton Repulsion. As discussed earlier, band-edge optical
gain arises from biexcitons and other multiexcitons of higher
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Figure 9. (a) The illustration of a concept of single-exciton optical gain in QDs that feature strong exciton—exciton repulsion. In the absence of
exciton—exciton Coulomb interactions, the single exciton state corresponds to optical transparency as the probability of photon absorption is equal
to the probability of stimulated emission and both the “absorbing” and the “emitting” transitions have the same energy (left). In the presence of
exciton—exciton repulsion, the “absorbing” transition in a QD containing an exciton is shifted up in energy. This shift is defined by the energy of
exciton—exciton interaction (Ayy). If Axy is greater than the QD ensemble line width, stimulated emission occurs without interference from the
absorbing transition which leads to “single-exciton gain”. Adapted with permission from ref 112. Copyright 2007 Nature Publishing Group. (b) The
repulsive exciton—exciton interaction can be realized using type-II heterostructures wherein electrons and holes are separated between different
parts of the QD (e.g., the core and the shell, as shown in the picture). The blue and green curves depict electron and holes wave functions,
respectively. Adapted with permission from ref 115. Copyright 2007 American Chemical Society. (c) Pump-fluence-dependent emission from a film
of type-II CdS/ZnSe QDs shows the emergence of two ASE bands. The lower-energy feature, which develops at the center of the single-exciton
spontaneous PL band, is due to single-exciton gain (labeled as ‘X’; red lines). The higher-energy feature is due to the standard biexciton gain
mechanism (labeled as ‘XX’; blue line). (d) The amplitudes of the X and XX emission bands measured as a function of pump fluence indicate that
the threshold of the single-exciton ASE (2 mJ cm™) is appreciably lower than the threshold of the biexciton ASE (6 mJ cm™?). Panels (c) and (d)
adapted with permission from ref 112. Copyright 2007 Nature Publishing Group.

order. The resulting complication is very fast gain relaxation becomes greater than that of the emitting (IX) — 10))
due to nonradiative Auger recombination. This greatly transition by Ayy, where Ayy is the exciton—exciton
complicates the realization of lasing with cw optical excitation interaction energy (Figure 9a). If Ayxyx is greater than the
(Section 2.4.1), and as will be discussed in Section S, transition line width, absorption ceases to interfere with
represents a significant impediment in the case of electrical emission and optical gain becomes possible with single
pumping. excitons.''> Importantly, a similar regime can be realized
As was first proposed in ref 111, one approach to resolve the with exciton—exciton attraction, which leads to a downshift of
problem of fast optical gain relaxation is to create conditions the band-edge absorbing transition.''” However, a potential
under which gain becomes possible with single excitons, the deficiency of such an approach is interference from higher-
species that are not subject to Auger decay. To implement this energy absorption features that will also be pulled down and
idea, it was proposed to use strong exciton—exciton repulsion thus might become resonant or near-resonant with the
to upshift the “absorbing” transition of a singly excited emitting transition.
nanocrystal so it does not compete with the “emitting” single- Importantly, in order for single-exciton gain to be practical,
exciton transition (Figure 9a). As discussed earlier, in the the exciton—exciton interaction energy (Ayyx) must exceed a
absence of exciton—exciton interactions, the “absorbing” large inhomogeneous line width of a nanocrystal ensemble
upward transition in a QD occupied with a single exciton (| sample, which is at least ~50 meV and often more. Such large
X) — IXX) in Figure 2b) has the same energy and strength as energies are greater than typical exciton—exciton interaction
the downward emitting transition (IX) — 10) in Figure 2b). As energies in core-only or standard type-I core/shell
a result, the two transitions compensate each other implying QDs.”*'%”'"3 In addition, in standard nanocrystals, the
that a single-exciton state is “optically transparent”, that is, it exciton—exciton interaction is attractive. Therefore, the
does not absorb nor amplify incident photons. realization of strong-exciton repulsion requires specially
The situation, however, changes in the presence of exciton— engineered nanostructures.' ' #**°
exciton interactions. For example, if the excitons repel each The concept of single-exciton gain was first practically

other, the energy of the absorbing (IX) — IXX)) transition implemented in ref 112 using type-II CdS/ZnSe core/shell
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QDs. In these heterostructures, the built-in energy gradient
separates an electron and a hole between the core and the shell
regions (Figure 9b). Similar separation occurs for the second e-
h pair. As a result, two electrons are colocalized in the core,
while two holes, in the shell. Such distribution of charges
increases Coulombic repulsion and simultaneously decreases
Coulombic attraction. The net effect is very strong exciton—
exciton repulsion whose characteristic energy can reach ~100
meV 112114116

The use of CdS/ZnSe allowed for demonstrating single-
exciton gain as was evidenced by the ASE feature emerging at
the center of the exciton spontaneous emission (Figure 9c, red
traces''?). At higher pump levels, the sample also exhibited the
second ASE band, which was due to the standard biexciton
gain mechanism (Figure 9c¢, blues traces). Importantly, this
band was blue-shifted from the peak of excitonic emission by
100 meV, confirming strong exciton—exciton repulsion realized
in these type-II nanocrystals. As expected, the ASE threshold
observed for the single-exciton band was considerably lower
than that for the biexciton ASE feature (Figure 9d).

More recent studies demonstrated that the sign and the
magnitude of the exciton—exciton interaction energy can be
tuned by changing structural parameters of CdSe/CdS QDs.'"”
This capability was utilized to confirm direct correlations
between the sign of Axy and the position of the ASE band
versus the peak of single-exciton emission.'"”

3.2.2. Charged Exciton Gain. The concept of charged-
exciton gain was first proposed and realized in ref 118 in 2004.
Recently, it was employed to demonstrate single-mode DFB
lasers that operated at ultralow, subsingle-exciton pump
levels.”’ The main idea behind this approach is to use not
excitons but permanent charges (dopants) to bleach the band-
edge absorption and thereby reduce optical gain thresholds. In
fact, when the band-edge absorption is completely suppressed,
the condition of the optical gain threshold is achieved in the
ground state without excitation. This situation corresponds to
so-called “zero-threshold” optical gain.'"”

In the case of II-VI nanocrystals, this concept is usually
realized using electrons as the CB edge is characterized by a
lower degeneracy than the VB edge and, hence, it can be
saturated with a lesser number of charges. Further, in II-VI
nanocrystals, negatively charged excitons have slower Auger
dynamics than positively charge states,””*”"*” which leads to a
longer optical gain lifetime.

Figure 10a illustrates the distinctions between standard
biexciton and charged-exciton gain mechanisms reahzed in
neutral and negatively charged QDs, respectively.’”''” In
neutral QD, the single-exciton state contributes equally to
absorption and stimulated emission, which corresponds to
“optical transparency” (that is, this state does not produce
either optical absorption or gain). In this case, gain occurs due
to stimulated emission from biexcitons and it competes with
absorption by unexcited QDs, which leads to G o (Pyy — Py).
The gain threshold occurs then Pyy = P;. As was discussed in
Section 2.2.2, this condition can be satisfied if Pyy = 1 or
(N gain) = 1 (Figure 10a,b; left).

For a QD with a pre-existing electron, a negatively charged
exciton (trion, X~) is gain active, as the absorbing transition is
blocked due to complete saturation of the band-edge CB state.
In this case, the gain coefficient is proportional to (Px~ — P,).
Hence, gain threshold occurs when Py~ = Py = 0.5 (here, we
assume that the QD ensemble contains only unexcited and
singly excited dots). This corresponds to (Nyg,) = 0.5
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Figure 10. (a) Optical transitions in a neutral (left), singly charged
(middle), and doubly charged (right) QD. Black and red arrows show
optical transitions that correspond to, respectively, absorption and
stimulated emission. Py, Py, Pxy are the probabilities for the QD to be
in the ground state (I0)), single-exciton state (IX)), or biexciton (|
XX)) state. y is the rate of a single spin-allowed transition. In the
neutral QDs, single excitons do not contribute to optical gain. In this
case, optical gain is the net result of the competition between
stimulated emission from the biexcitons and absorption due to the
unexcited QDs. In the singly charged QDs, net gain is due to the
competition between stimulated emission from the charged excitons
(trions) and absorption arising from the unexcited QDs. In the doubly
charged QDs, ground-state absorption is eliminated, and gain is due
to stimulated emission from the doubly charged excitons. (b) A
schematic depiction of the optical gain-threshold condition (or the
condition for “optical transparency”) in a neutral (XX, left), singly
charged (X7, center) and doubly charged (X*7, right) QD. Panels (a,
b) adapted with permission from ref 61. Copyright 2019, The
American Association for the Advancement of Science.

(Figure 10a, b; center). In a QD with two permanent electrons,
the band-edge transition is completely bleached without
excitation; therefore, (N, ¢.in) = O (Figure 10a,b; right). This
corresponds to “zero-threshold” optical gain.

The optical gain condition can be generalized for QDs with
arbitrary degeneracy factors of the electron (g.) and hole (g,)
states and an arbitrary number of permanent electrons residing
in a dot (n,).”” In the case when a QD ensemble is excited with
(N) excitons, the total average per-dot number of electrons
and holes are (N,.) = (N) + n, and (N) = (N), respectively.
The corresponding electron and hole quasi-Fermi potentials

can be found from ¢=kBT1n( = —1) and
e N+

B, = ksTin(§: -
the optical gain condition (¢, + ¢, = 0),”
the optical gain threshold is

- ne)/(ge + gh) (5)

If we apply eq S to QDs with 2-fold-degenerate states (g, =
gn = 2), this leads to (Ny,gin) = (g — 7.)/2. In the case, of
singly charged dots with n, = 1, this expression yields (Ny, gin)
0.5, the result obtained earlier based on qualitative
considerations illustrated in Figure 10a,b (center).

The effects of charging can be especially beneficial in the
case of materials with highly degenerate CB and VB band-edge
states such as PbSe and PbS QDs."*"'?*> The band structure of
these semiconductors features four equivalent valleys at the L
points of the Brillouin zone. Together with the 2-fold spin
degeneracy, this leads to the 8-fold-degenerate electron and
hole band-edge states (g, = g, = 8)."*” In the case of neutral
dots, the corresponding gain threshold is (Nip, g,in) = 4, which is

nE
1).32 Combining these expressions with
we obtain that

<Nth,gain> = gh (ge
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four times higher than that for QDs with 2-fold degenerate
states. However, if the QD is charged with 6 permanent
electrons, then, according to eq 5, the gain threshold drops to
(Nipgain) = L, as in the case of dots with g, = g, = 2.

It is important to realize that while the use of charged
excitons reduces the optical gain threshold, this mechanism is
still affected by Auger recombination, as light amplification
occurs due to multicarrier states such as trions and/or multiply
charged excitons. Importantly, in this case, the influence of
Auger effects is weaker than for neutral QDs. To illustrate this,
we will consider PbSe(S) QDs that feature highly degenerate
band-edge states. As was shown previously,97 in these QDs,
Auger lifetimes can be accurately described by so-called
“statistical scaling” according to which

1/74 = GNN(N, + N, — 2) (6)
where N, and N, are the per-dot numbers of electrons and
holes, respectively, and C, is a constant. We will use this
expression to compare Auger lifetimes at the gain threshold in
the case of neutral and changed QDs with n, = 6. For the
former case, we obtain 1/7, = 4 X 4(4 + 4—2)C, = 96C,. For
the latter case, 1/74, = 7 X 1(7 + 1-2)C, = 42C,. Based on
these expressions, the Auger lifetime in charged dots is 2.3
times longer than in neutral dots, despite a high level of QD
charging. Importantly, this advantage is combined with a
considerably lower gain threshold ({Ng,,) = 1 versus 4). As
was demonstrated recently, the use of charged-exciton gain
indeed simplifies realization of lasing with PbS QDs, a material
which allows one to obtain spectrally tunable emission in the
technologically important range of IR wavelengths.'**'**

3.3. Practical Implementations of Charged-Exciton Gain
and Lasing

3.3.1. Electrochemical Charging. To realize charged-
nanocrystal optical gain, permanent (or long-lived) electrons
have been injected using electrochemical, photochemical, and
chemical techniques.'"®"'”'** The original demonstration of
this concept and some follow-up studies employed electro-
chemical doping.'"®'** For this purpose, QDs are deposited
onto a conductive electrode (a work electrode) and immersed
into an electrolyte together with reference and counter
electrodes (Figure 1la). Application of a negative potential
to the work electrode results in injection of electrons into the
QDs. Monitoring the linear absorption of the QD sample
reveals bleach of the band-edge transition whose magnitude
can be used to evaluate the degree of QD charging. As
illustrated in Figure 11b, using this approach, it is possible to
achieve complete bleaching of the band-edge transition.'*
This indicates the injection of at least two electrons per-dot on
average, the condition required for the realization of “zero-
threshold” optical gain.'"”

In the experiments of ref 118, electrochemical doping was
applied to CdSe nanocrystals which allowed for reducing the
ASE threshold from 1 mJ cm™ for neutral QDs to 0.3 mJ cm™
for the charged sample (Figure 12a). More recently, the effects
of electrochemical charging on QD gain properties were
evaluated using TA measurements'~° (Figure 12b). These
studies revealed the change of the gain threshold from (N) =2
in the case of the undoped sample to (N) close to 0 in the
presence of the injected electrons (Figure 12b). The latter
results indicated the realization of “zero-threshold” optical
gain.

8263

Reference
electrode ™+

a

Counter
electrode To UV-VIS
Work electrode sriictrometer

QDs on ITO

Electrolyte

Pump

10
—~ g Band-edge transparency
o AA at potential:
Q 1.0V 1.1V
£ 6 13V

g -1.4v
< —
5 4
+O
< ]
0
T T T T T 1

500 525 550 575 600 625 650 675 700
Wavelength (nm)

Figure 11. (a) A scheme of TA measurements conducted on a QD
sample placed into an electrochemical cell. A QD film deposited onto
a conductive substrate serves as a “work electrode”. Application of a
negative potential to the work electrode versus the reference electrode
leads to the injection of electrons into the QDs. The degree of QD
charging is controlled by the applied voltage. “ITO” is indium tin
oxide. (b) Absorption spectra of an unexcited QD film as a function of
applied “negative” potential. The black spectrum corresponds to zero
potential. The increase in the potential leads to progressive bleaching
of the band-edge absorption feature, which occurs due to progressive
filling of the 1S, state. When the potential is raised to —1.4 V, the
band-edge transition is completely bleached indicating that the
average number of injected electrons per dot is 2 or more. A, is
sample absorbance without charging (shown in terms of optical
density). AA, is the change in absorbance due to charging. Adapted
with permission from ref 126 (CC BY-NC-ND).

3.3.2. Photochemical Charging. Another approach to
inject long-lived electrons employs chemical reduction of
photoexcited nanocrystals."”’~"*° In this technique, photo-
excitation leads to formation of a neutral exciton. Then, the
hole of the exciton is scavenged by a mild reductant such as
lithium triethylborohydride (LiEt;BH) (Figure 13a). This
reaction can be conducted with nanocrystals in solutions''” or
applied to film samples.””'"? In particular, using a solution
form of QDs and LiEt;BH as a hole scavenger, ref 119
demonstrated the possibility of producing highly charged QD
states with n, up to 6. The average number of injected
electrons was determined from time-resolved photolumines-
cence (PL) measurements, which were used to quantify the
fraction of uncharged (neutral) QDs, g(0) (Figure
13b).°"""?"2% This quantity was then used to obtain (n,)
from q(0) = ¢, which assumed a Poisson distribution of
electrons in the QD sample.
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Figure 12. (a) The first demonstration of the beneficial effect of
charging on QD optical gain properties using ASE measurements of
electrochemically charged QD films.""® The plot shows the intensity
of ASE of a CdSe QD film before (open symbols) and after (solid
symbols) charging with extra electrons. After charging, the ASE
threshold is reduced to 0.3 mJ cm™ from 1 mJ cm™ in the case of the
neutral QDs. Inset: the emission spectra of the neutral (dashed line)
and charged (thick line) samples measured at a per-pulse pump
fluence of 0.54 mJ cm™ (marked by the black arrow in main panel).
The spectral shape dramatically changes upon QD charging due to the
transition to the ASE regime. This regime is not apparent in the case
of the neutral QDs. Adapted with permission from ref 118. Copyright
2004, American Chemical Society. (b) Excited-state absorption
spectra of CdSe QDs, obtained using a TA experiment conducted
on a QD sample placed into an electrochemical cell (Figure 11a). The
QD:s are electrochemically charged with ((n,) = 1.99. The negative
values of optical density (A*) correspond to optical gain. The onset of
optical gain is observed at a very low pump power ((N )= 0.3)
indicating the realization of “zero-threshold” optical gain, as expected
for the case of the doubly charged QDs (Figure 10a,b; right). The
dashed black line is the linear absorption spectrum of the neutral
QDs, with the vertical black and red lines indicating absorption from
the 1S state (A;g). Adapted with permission from ref 126 (CC BY-
NC-ND).

By preparing QDs with a varied degree of charging, the
authors of ref 120 measured lifetimes of a single exciton in the
presence of a different number of extra electrons (7, ) and then
extracted the corresponding Auger time constants (7).
These data were used to verify the validity of statistical scaling
(eq 6) based on which 1/7,, o n, (n, + 1).”” This expression

(black trace in Figure 13c) was indeed in perfect agreement
with the measurements (symbols in Figure 13c). The
conducted studies also indicated that at moderate degrees of
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charging (n. < 3 to 4), charged-exciton Auger lifetimes were
longer than the biexciton lifetimes (horizontal lines in Figure
13c). This represents an important advantage of the charged-
exciton gain mechanism versus the traditional biexciton
mechanism.

The studies of ref 119 utilized TA measurements to evaluate
the effect of charging on optical gain. These measurements
revealed the reduction of the optical gain threshold to near-
zero values at high degrees of charging (Figure 13d), which
validated the concept of “zero-threshold” optical gain.
Importantly, the experiments conducted on solid-state nano-
crystal films also demonstrated the reduction of the ASE
threshold due to extra electrons.

An important milestone toward practical exploitation of
charged-exciton gain in lasing technologies was the demon-
stration of single-mode QD DFB lasers that showed strong
reduction of the lasing threshold due to photochemically
injected electrons.”’ The reported experiments employed cg-
QDs comprising a CdSe core overcoated with a thick
continuously graded Cd,Zn, ,Se shell and a final protective
layer of ZnSeysS,s/ZnS. These specially engineered dots
allowed for considerable suppression of Auger decay, a
necessary condition for making effective use of charged
excitons as optical-gain species. The cg-QDs were deposited
onto a second-order DFB grating that was immersed into a
solution of LiEt;BH in tetrahydrofuran (THF) (Figure 14a).
The degree of charging was controlled by varying the amount
of LiEt;BH. Without charging, the lasing threshold ((Ny,},,))
was 1.3. Upon sample exposure to LiEt;BH, (Ny,),.) dropped
to 0.5 for 0.2 M of LiEt;BH and then, to (Ny, ,.) = 0.31 for 0.4
M of the reductant (Figure 14b). Thus, using charged-exciton
gain it was possible to realize high-quality single-mode lasing
(Figure 14c) with an ultralow subsingle exciton threshold, a
result of considerable technological significance in the context
of both optically and electrically pumped lasers (Section 6.4).

3.3.3. Doping with Electrons via Chemical Treat-
ments. Electrochemical and photochemical methods allow for
facile, real-time control of a degree of nanocrystal charging.
However, the injected electrons are not “permanent” and are
quenched by, for example, exposure of nanocrystals to
oxygen.’”""” Chemical doping allows one to resolve this
problem by providing a tool for creating a long-lived
population of uncompensated charge carriers in nanocrystal
samples. In addition to the improved stability, the benefit of
such permanently doped samples is the ease of their
integration with devices including electrically pumped lasers
(Section 6.4).

As was discussed previously, the use of charged-exciton gain
would be especially beneficial in the case of nanocrystals with
highly degenerate band-edge states such as those made of PbSe
and PbS (Section 3.2.2). Preliminary work using In**
substitution”' or remote electron transfer from organic
molecules'*” led to weak n-type doping of PbSe QDs. A
more successful doping strategy was recently demonstrated in
ref 133. By treating PbS QDs with iodine, the authors of that
study achieved partial substitution of S*” anions for I~
(presumably, occurring on the [100] facets), which resulted
in heavily n-doped samples (Figure 15a). A clear manifestation
of doping was the strong bleach of the band-edge absorption
features. For the studied samples, they were located in the
short-wave IR (SWIR) spectral range (Figure 15b). Another
signature of successful doping was the emergence of a midwave
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Figure 13. (a) The mechanism of QD photochemical charging that leads to injection of long-lived electrons. Excitation of a QDs produces an e-h
pair. The hole is quenched via the interaction with a reducing agent (here LiEt;BH), which leaves behind an uncompensated, long-lived electron.
Adapted with permission from ref 61. Copyright 2019, The American Association for the Advancement of Science. (b) The degree of charging,
(n,), can be evaluated from the analysis of PL dynamics of neutral (black line) and charged QDs (blue line). In particular, by normalizing the PL
trace of the neutral sample so as to match its long-time tail to that of the charged sample (dashed black line) one can quantify the fraction of
uncharged QDs in the partially charged sample, g(0). This quantity is then used to determine (n.) (see text for details). (c) Experimentally
obtained lifetimes of charged excitons as a function of n, (symbols) can be perfectly described using a statistical scaling of Auger time constants
(line). (d) TA measurement of CdSe QDs in solution with (n,) = 6 produced by photochemical injection of electrons. Solid lines are excited-state
absorption spectra (@ = @ + Aa) as a function of pump fluence for (N) from 0 to 10. Optical gain (@ < 0) develops at the extremely low excitation
level of (N) = 0.14 (inset), indicating the realization of the regime of “zero-threshold optical gain”. The dashed black line corresponds to the linear
absorption of uncharged QDs, for reference. Panels (b—d) adapted with permission from ref 119. Copyright 2017 Nature Publishing Group.

IR (MWIR) absorption band due to an intraband transition
between the 1S, and 1P, electron levels."*>"**

The use of size-controlled n-doped PbS QDs allowed for
demonstrating ASE tunable across the SWIR telecommunica-
tion bands (1500 to 1700 nm, Figure 16a)."”>'** By varying
the level of n-doping from (n.) = 2.7 to 4.8, the authors of ref
133 were able to tune the ASE threshold from (Ny,,,) = 2.5 to
~1.2 (Figure 16b). Both values are in good agreement with
estimations based on eq S, which predicts optical gain
thresholds of 2.65 and 1.6 for (n.) = 2.7 and 4.8, respectively.

A further advance in this area was the demonstration of DFB
lasing achieved by integrating the doped PbS QDs with
second-order DFB resonators (top-left inset of Figure 16¢)."' >
Using this approach the authors of ref 123 achieved stable
lasing in the range of 1550-to-1650 nm wavelengths (bottom-
right inset of Figure 16c). Importantly, the comparison of
undoped and doped samples showed an appreciable reduction
of the lasing threshold due to doping.

The most recent development has been associated with the
use of compositionally graded PbS/PbS;_.Se, QDs with
suppressed Auger recombination.'”* These structures are
analogous to compositionally graded II-VI QDs emitting in
the visible,””°" and offer similar benefits in optical gain and
lasing applications but in the range of IR wavelengths. In
particular, using n-doped PbS/PbS,_.Se, QDs, the authors of
ref 124 demonstrated low-threshold, long-lived optical gain

and large net modal gain coefficients in excess of 2000 cm L
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Importantly, with these QDs, they were able to achieve lasing
with a subsingle-exciton threshold (Ny,},.) = 0.87. The tests of
stability indicated that the n-type QD gain medium maintained
its lasing performance for hours and, in particular, more than
80% of the power output was preserved after 8 h of operation.
These results suggest that the concept of charged-exciton gain,
first implemented with visible-light-emitting II-VI nanocrystals,
also helps boost lasing performance of IV-VI nanostructures
emitting the range of IR wavelengths.

3.4. Manipulation of Optical Gain Spectra

3.4.1. Extension of the Optical Gain Bandwidth due
to High-Order Multiexcitons. A classic example of optical
gain media with a broad bandwidth are organic dyes that are
widely used in applications that require a readily tunable
emission wavelength.*>'*® Broadband optical gain materials
can also enable multiband lasers and can be used in optical
sensing for amplification of weak signals with unspecified
wavelengths.

Up to now, in this review, we have focused on band-edge
optical gain arising from the inversion of the lowest-energy
transition of a nanocrystal material. As was shown in ref 137,
using this mechanism it is possible to realize a certain level of
control of optical gain profile by employing “state-resolved”
optical pumping with a tunable laser source.”” However, the
range of achieved spectral variations was fairly narrow and
limited to near-band-edge spectral energies (Figure 17a).
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Figure 14. (a) The cg-QD laser prepared by depositing a cg-QD film
on top of the second-order DFB grating. In this device, optical
feedback is due to in-plane 2nd-order Bragg diffraction. The 1st-order
Bragg scattering leads to surface emission whose direction is normal
(or near-normal) to the device plane. The device is immersed into
neat THF or a solution of LiEt;BH in THF. In the latter case, the dots
become negatively charged under exposure to incident light. The
degree of charging can be controlled by varying the amount of
LiEt;BH. (b) The surface-emitted light intensity as a function of per-
pulse pump fluence for varied degrees of charging (excitation by 190
fs pulses at 3.6 V). For neutral cg-QDs, the lasing threshold (wy,,) is
9 uJ cm™. Increasing the amount of reductant lowers Wy, 15 until it
reaches ~2 yJ cm™. This corresponds to the subsingle-exciton regime
for which (Ny,,.) = 0.31. (c) The spectra of surface emitted light for
the neutral (black) and the charge (red) sample. The neutral sample
does not show lasing at (N) = 1. However, after QDs are charged
({n.) = 3.1), the device exhibits single-mode, narrow-band lasing at a
subsingle-exciton pump level for which (N) = 0.6. All panels adapted
with permission from ref 61. Copyright 2019, The American
Association for the Advancement of Science.

One approach to extend optical gain to higher energies is to
exploit high-order multiexcitons for inverting the above-band-
edge transitions. To quantify the per-dot number of excitons
required to invert higher-energy transitions, we consider an
electronic-state model of a spherical QD depicted in Figure la
(right). We further take into account that optical transitions
are allowed only between electron and hole states with the
same quantum numbers, that is, 1S,—1S, 1P.—1P;, and 1D.—
IDy. To attain the optical gain threshold for a specific
transition which couples the i, electron and the i, levels, one
needs to satisfy the following condition:

fe,i +fh,j =1 (7)

where f,; and f},; are single-state occupation factors, which can
be obtained from f.; = N;/g.; and f1,; = Ny ;/gy; Here N;
(Nh,j) is the total number of the electrons (holes) occupying a
given level and g,; (gh,j) is the corresponding level degeneracy.

If a QD is occupied with N excitons and N is <2, all carriers
remain in the 1S states and f, ;s = f1,1s = N/2, as g, 15 = gh,15 = 2-
Given eq 7, the 1S optical gain threshold can be derived from
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Figure 15. (a) Surface treatment of PbS QDs with I~ ions (for
example, 1-ethyl-3-methylimidazolium iodide or Znl,) leads to
substitution of S~ ions for I” on the [100] facets (left). This results
in electron doping (right). (b) The absorption spectra of PbS QDs
before (black lines) and after (red dashed lines) the doping
procedure. The addition of extra electrons manifests as strong
bleaching of the band-edge absorption peak. Larger-size QDs feature
greater presence of the [100] facets. As a result, they exhibit increased
levels of doping. All panels adapted with permission from ref 133.
Copyright 2020 American Chemical Society.

fers + fois = 1, which yields Ny guin = 1 (Figure 17b, left), as
expected based on our previous analysis in Section 2.2.2.

To realize 1P optical gain, one needs first to saturate the 1S
electron and hole levels and then place carriers into the 1P
levels. Hence, this requires N > 2. The single-state 1P
occupation factors can be found from f,;,)p = (N = 2)/6, as
8e,ip = &h1p = 6. In this case, the condition for the optical gain
threshold is (N — 2)/3 = 1, which yields N 1P thygain = S (Figure
17b, right). Similarly, we obtain Nip g gin = 13.

Based on the above considerations, the attainment of above-
band-edge gain requires high-order multiexcitons, which makes
its realization difficult due to acceleration of Auger dynamics
with increasing N. For example, assuming the statistical scaling
of Auger lifetimes presented by eq 6, we find that the lifetime
of the state with N = 6, required to achieve 1P gain, is 45 times
shorter that than the lifetime of the biexciton needed for band-
edge gain. This implies that the realization of optical gain at
above band-edge energies can be greatly simplified using QDs
with suppressed Auger decay.

One such system is thick-shell “giant” CdSe/CdS
QDs."**719 As was discussed earlier in this review, the fact
that these structures exhibit suppression of Auger decay
motived their use in the first demonstration of cw colloidal
nanocrystal lasers.’” The same feature of the “giant” CdSe/
CdS QDs was also explored earlier to enact three-band ASE
which spanned the range of colors from red to green and
occurred due to population inversion of the band-edge and
higher-energy transitions (Figure 17¢)."*” More recently, these
dots were used to achieve ultrawide optical gain bandwidth of
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Figure 16. (a) The ASE spectra of differently sized n-doped PbS QDs span across the S-, C-, L-, and U-bands of the telecommunication range. (b)
The ASE threshold as a function of emission wavelength tuned by the QD size. The change in the QD size leads to a varied doping level ({(n.) = 2.7
to 4.8; indicated in the figure). The increase in (n.) leads to the reduction of the ASE threshold, as expected for the charged-exciton gain
mechanism. Panels (a, b) adapted with permission from ref 133. Copyright 2020 American Chemical Society. (c) Measurements of the surface-
emitted intensity of the 2nd-order DFB laser (left-top inset) based on neutral (black lines and corresponding symbols) and n-doped (red lines and
corresponding symbols) PbS QDs. Samples are pumped by 300 fs, 1.2 eV pulses. The lasing threshold is appreciably reduced upon QD doping.
The right-bottom inset is the lasing spectrum of the doped sample. Adapted with permission from ref 123. Copyright 2021 Springer Nature
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Figure 17. (a) Optical gain manipulation via “state-resolved” excitation of CdSe QDs. The ASE peak wavelength depends on whether the pump
photon energy is tuned to the band-edge (1S) or the first excited-state (1P) transition. Adapted with permission from ref 137. Copyright 2009
American Physical Society. (b) Theoretical optical gain thresholds for the band-edge transition (1S, left) and the first excited-state transition (1P,
right). The regime of transparency (optical gain threshold) realized when the probability of absorption is equal to that of stimulated emission. For
the 1S and 1P transitions, it is achieved when N = 1 and S, respectively. (c) Emission spectra of a solid-state film of thick-shell “giant” CdSe/CdS
QDs as a function of pump fluence measured with 3.1 eV, 100 fs pump pulses. At lower fluences, the ASE consists of a single band at 1.99 eV,
which is due to biexcitons. Two additional, higher-energy ASE bands appear at higher fluences at 2.14 and 2.34 eV. They are associated with higher-
order multiexcitons and can be tentatively assigned to transitions involving the 1P and 1D electron states, respectively. The three ASE bands span
the range of colors from red to green. Reproduced with permission from ref 139. Copyright 2009 American Chemical Society.

700 meV'*" and four-band ASE with spectral features ranging associated with transitions involving the 1S, 1P, and 1D,
from ~600 nm to ~530 nm.'** electron states (Figure 18b).'*’ The band-edge gain feature is a
Compositionally graded CdSe/Cd,Zn,_,Se cg-QDs, dis- doublet, which develops due to a large light—heavy hole
cussed in Section 2.4.1 in the context of Auger decay splitting arising from asymmetric compression of the CdSe
manipulation, are also promising systems for realizing broad- core (Figure 18b)."% Due to a wide optical gain bandwidth,
band optical gain. The TA measurements of cg-QDs are the cg-QDs readily exhibit multiband ASE and lasing
displayed in Figure 18a.'*> The measured pump-fluence associated with the band-edge and excited-state transitions.>”*’
dependent excited-state absorption spectra indicate the 3.4.2. Sub-Bandgap Optical Gain due to Auger-
emergence of multiple optical gain bands that can be Assisted Stimulated Emission. TA studies of cg-QDs'*
8267 https://doi.org/10.1021/acs.chemrev.2c00865
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Figure 18. (a) Excited-state absorption spectra of cg-QDs at 3 ps after
photoexcitation with short (190 fs), 2.4 eV pulses for increasing pump
fluences presented as (N). Negative absorption corresponds to optical
gain. Five gain bands are observed. Two of them, labeled as 1S, and
1Sy, are due to the band-edge transitions involving the heavy- and
light-hole states, respectively. Two higher energy bands are due to the
1P and 1D transitions. The sub-band gap feature is due to Auger-
assisted stimulated emission, see panel (c). (b) The structure of the
cg-QD electronic states and optical transitions responsible for optical
gain features observed in the TA measurements of panel (a). (c) The
illustration of Auger-assisted stimulated emission which leads to
intragap gain. In this process, radiative recombination of a band-edge
exciton is accompanied by re-excitation of the 1P electron to a higher-
energy state, which shifts the corresponding emission band into the
intragap region.

reveal that in addition to conventional gain bands at photon
energies above the bandgap, they exhibit strong intragap gain
below E, (Figure 18a).""’ The pump-intensity-dependent
measurements indicate that the intragap gain feature emerges
at pump levels of (N) > 2, which corresponds to the onset of
filling of the 1P, electron state. Tentatively it was ascribed to
the Auger-type process wherein the recombination energy of a
band-edge e-h pair is split between an emitted photon and a 1P
electron which is excited to a higher-energy state within the
conduction band (Figure 18c). This process is somewhat
similar to the Auger-type effect which leads to red-shifted
emission bands from bulk CdS observed at high excitation
intensities."** In the case of the nanocrystal materials, it is
likely unique to compositionally graded QDs that demonstrate
strong suppression of nonradiative Auger recombination,
which opens pathways for radiative Auger-assisted processes.
As was demonstrated in ref 143, Auger-assisted stimulated
emission leads to the extension of the spectral range of optical
gain to sub-bandgap energies. In particular, for the sample
shown in Figure 18a, the low-energy gain cutoff occurs at ~1.9
eV, which is 200 meV below the peak of the band-edge 1S
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band. Together with the higher-energy gain features, arising
from the inverted 1S, 1P, and 1D transitions, this results in a
large gain bandwidth of ~500 meV.

In ref 143, the large spectral extent of optical gain was used
to realize color-tunable lasing using a single cg-QD sample as
an optical gain medium. In these experiments, the QDs were
spin-casted onto second-order DFB gratings with periods
(Appp) ranging from 355 to 320 nm to obtain varied resonance
wavelengths (Figure 19a). The fabricated structures were
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Figure 19. (a) Emission spectra of the 2nd-order lasers (inset) based
on DFB gratings with periods (Apgg) from 355 to 320 nm measured
using excitation with 190 fs pulses at 3.6 eV. All five lasers use the
same cg-QD sample as an optical gain medium. The spectrum
highlighted in pink is the spontaneous emission of the cg-QDs. The
lowest-energy feature (1S,) is due to Auger-assisted optical gain. The
next three higher-energy features are due to the band-edge optical
gain associated with the 1Sy, valence-band state. The highest-energy
feature is due to the 1P transition. (b) Pump-fluence-dependent
intensity of surface emission for the five lasers. Lasing thresholds span
from 10 uJ cm™ (one of the 1Sy, bands) to 200 xJ cm™> (1P band).
The threshold of 1S, lasing occurs at the intermediate pump fluence
of ~50 puJ cm™2. This is consistent with the proposed mechanism,
which requires excitation of a single 1P electron. 1P lasing requires
that the occupancy of the 1P, level is more than 3.

excited with short 190 fs pulses at 3.6 eV using a per-pulse
fluence ramped from w, ~ 2 to 700 uJ cm™% The emission
spectra recorded as a function of w;, exhibited the emergence of
a narrow feature due to single-mode DFB lasing (Figure 19a)
with a well-pronounced threshold above which the emission
intensity quickly grew by orders of magnitude (Figure 19b).
Using gratings with different Apgg values, the lasing was
achieved at 2.041, 2.065, 2.082, 2.099, and 2.274 eV (Figure
19a). The lowest-energy feature was due to Auger-assisted
gain, while the highest-energy line was due to the inverted 1P
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transition. The lines with intermediate energies were due to
the band-edge 1S gain.

The findings reviewed in this Section point toward a
considerable potential of compositionally graded QDs and
other QD systems with suppressed Auger recombination as
broad-band optical gain media for spectrally tunable and
multiband lasers and optical amplifiers. This property mimics
that of traditional laser dyes. However, as distinct from dyes,
the QDs can be easily processed as solid-state films compatible
with on-chip electronic and photonic circuits as well as
traditional solid-state devices. This opens new areas of
applications not accessible with dye solutions.

4. NOVEL NANOCRYSTAL-BASED OPTICAL GAIN
MATERIALS

4.1. Colloidal Quantum Wells: Nanoplatelets

4.4.1. Electronic Structures. 2D colloidal NPLs have
been under active investiﬁation as optical gain materials for
lasing applications.'®”'*~ "% These structures are analogous to
epitaxial quantum wells that are widely employed in present-
day semiconductor lasers.'®"'®> Lateral dimensions of NPLs
usually exceed the semiconductor Bohr radius. Therefore,
carrier motion is restricted only in one dimension, namely,
along the NPL thickness (referred here as the “z-axis”).*” This
is expected to lead to a characteristic step-like density of states
that replaces a square-root dependence typical of bulk solids
(Figure 20a).

Most advanced synthetically are CdSe-based NPLs prepared
as core-only structures'*”'“*~'%” and complex heterostructures
with core/shell'®*~"* and core/crown'”>~"7® motifs as well as
their combinations. Optical and electronic properties of NPLs
can be tuned by varying their thickness (d). Using colloidal
techniques, the CdSe NPL thickness can be adjusted with
atomic precision between 2 and 8 complete monolayers (MLs)
(Figure 20b).*0*7177178 The CdSe NPLs also contain an
additional layer of Cd atoms so as both NPL sides are Cd-
terminated. Importantly, the NPL thickness is highly uniform
across the entire macroscopic ensemble, which results in sharp
spectroscopic features in optical spectra. The narrow peaks,
typically observed in NPL absorption spectra (Figure 20b),
arise from strong e-h Coulomb interactions that lead to
formation of 2D excitons.'®¥'7%'%

In the case of CdSe NPLs, excitonic effects manifest as two
sharp band-edge absorption features associated with e-h bound
states involving heavy and light holes (Figure 20¢).”” The large
light—heavy hole splitting (100—200 meV)'**'*'% arises
from strong shape asymmetry of these 2D structures.*>'*>'**
Due to strong quantum confinement along the z-axis, the NPL
absorption onset and the emission band can be tuned by
hundreds of meV by varying d (Figure 20b)."”

4.1.2. Auger Recombination. As in 0D QDs, multi-
excitons in 2D NPLs are subject to fast nonradiative Auger
recombination. In the case of smaller NPL volumes (Vyp; <
100 nm?), the measured biexciton Auger lifetimes scale
approximately linearly with Vyp (Figure 21a),"**'®> This is
similar to the universal volume scaling established previously
for 0D nanocrystals (Section 2.3.1),°”” however, with a
different proportionality constant (yypp). In particular, by
fitting the experimental data of Figure 21 in the range of Vypp
< 100 nm?® to Taxx = XnpLVnpL, We obtain yypp, = 2.7 ps nm™>
(red solid line), which is approximately three times as large as
for OD nanoparticles (y = 1 ps nm™>; black dashed line). This
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Figure 20. (a) A theoretical step-like density of states of a 2D
quantum well (green highlight) in comparison to that of a bulk solid
(dashed blue line). Inset: A schematic depiction of a NPL. Its 2D
electronic properties arise from the fact that its thickness (d) is much
smaller than the exciton Bohr radius (ax) of the parental bulk
semiconductor. (b) Optical absorption (gray lines) and PL (colored
lines) spectra of CdSe NPLs with a varied thickness. Due to strong
confinement along the z-direction, the NPL band-edge absorption
feature shifts to higher energies by nearly 1 eV when d changes from 7
to 4 MLs. Reproduced with permission from ref 47. Copyright 2011,
Nature Publishing Group. (c) A simplified representation of the NPL
band structure that features heavy (3/2) and light (1/2) valence sub-
bands (E is energy and k is an in-plane wave vector).

increase is beneficial for lasing applications as multiexcitons
play an important role in light amplification in the NPL
systems.

In the range of larger volumes (Vyp, > 100 nm®), the
dependence of 7, xx on Vyp;, weakens and according to refs
148 and 18S reaches a plateau (Figure 21a). A more complex
dependence in the range of large Vyp, was suggested by studies
presented in ref 186. The authors of that work reported linear
scaling of the Auger lifetime with the NPL area (Ayp.) and
approximately d’ scaling with the NPL thickness. They
explained this complex behavior in terms of Auger rates
controlled by the product of the Ayp-dependent frequency of
exciton—exciton collisions and the d-dependent Auger
recombination probability of a biexciton complex.'*®

Interestingly, the absolute values of biexciton lifetimes for
larger-volume NPLs group near the trend line characteristic of
large 0D QDs (black dashed line in Figure 21). Therefore,
even in the biggest studied NPLs, the biexciton lifetime
remains shorter than ~600 ps, as in standard (nonengineered)
nanocrystals. As a result, optical gain dynamics are quite fast.
In particular, based on the measurements of ref 158 in the case
of large-volume 4-ML NPLs (Vyp,, of ~200 nm?), the optical
gain lifetime is around 100—200 ps (Figure 21b).

The use of core/shell CdS/CdSe/CdS NPLs seems to lead
to lengthening of Auger lifetimes. In particular, the measure-
ments of the 4-ML CdSe core samples that comprised a 3-ML
CdS shell (the core volume was ~200 nm?®) indicated the
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Figure 21. (a) Biexciton Auger lifetimes of 4- and S-ML CdSe NPLs
(red and blue symbols, respectively) as a function of NPL volume
(VapL) based on measurements of refs 148, 185, and 186 (squares,
circles, and triangles, respectively). These data indicate two regimes:
linear scaling with Vyp; for smaller-volume structures followed by
Ty xx saturation for larger-volume NPLs. The former regime is similar
to that of “universal” volume scaling observed for 0D nanocrystals
(zaxx = XVnc)- However, in the case of the NPLs, the proportionality
constant is approximately three times as large (yyp, = 2.7 ps nm™;
red solid line) as in the case of 0D nanostructures (y = 1 ps nm™>;
black dashed line). (b) Optical gain dynamics of 4-ML CdSe NPLs as
a function of excitation fluence measured using 150 fs, 3.1 eV pump
pulses. Based on these data, optical gain is sustained for around 100—
200 ps. Reproduced with permission from ref 158. Copyright 2019
American Chemical Society.

Auger time constant of ca. 400—500 ps,"*” which was slightly
longer than the values of ~200 ps to ~400 ps observed
previously for core-only structures of a similar volume (Figure
21a).

Greater extension of Auger lifetime was recently reported for
complex core/crown NPLs with a compositionally graded
shell.'” These structures explore the “grading” strategy
previously successfully applied for suppression of Auger
decay in cg-QDs (Section 2.4.2).°%°" This strategy was also
effective in the case of the NPLs and allowed for extending
Taxx to 750 ps for the core volume of ~200 nm®.

In the above analysis of Auger lifetimes, we link them to the
NPL volume. While this approach provides a convenient tool
for rough estimations of Auger time constants, it does not
separate the influence of the area and the thickness of the
NPLs on Auger rates. However, in some case (for example,
large-area NPLs) such separation is important. This problem
has been recently addressed in ref 185, which applied
atomistic, electronic-structure-based calculations to analyze
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surface-area- and thickness-dependent trends in Auger
recombination in NPLs.

4.1.3. Optical Gain Mechanisms. Optical gain in NPLs is
governed by several different mechanisms depending on NPL
lateral dimensions and excitation densities.'"”">>">%'% I
small-area structures, the optical gain mechanism is likely
similar to that in 0D nanocrystals, that is, it has a biexcitonic
nature. In this case, the optical gain threshold corresponds to
excitation of a single exciton per NPL on average and gain
saturation occurs when the band-edge state is fully occupied,
that is, the NPL is excited with two or more excitons. Thus, the
optical gain properties can be described in terms of a “state-
filling” model, therein, the state occupancies are controlled by
the total number of e-h pair excited per NPL and states’
degeneracies (Figure 22).

The situation changes in the case of larger-area structures,
whose lateral dimensions are greater than the size of a
Coulombically bound 2D exciton (2a,p; here a,p, is the 2D
exciton radius). In this case, multiple excitons with identical
“internal” quantum numbers can coexist in the same NPL and
the maximal number of such excitons is defined not by state
degeneracies but by the NPL size. Under these conditions,
optical gain properties are controlled by effects of “space
filling” (Figure 22), and gain characteristics, such as the gain
threshold and the maximal achievable (saturated) gain, are
linked to the excitonic sheet density (p,p)."”*"* As a result,
the gain threshold, expressed in terms of a per-particle
excitonic number, increases with the NPL area (Figure
22),107,188

A similar increase occurs for the saturated gain coefficient. In
particular, in 0D CdSe QDs, gain saturation is achieved for
pump fluences that are approximately twice the gain threshold,
and further growth of w, does not translate into increased
band-edge gain. In contrast, as was observed in refs 157 and
187, in NPLs gain saturation does not occur until the pump
fluence is approximately ten times higher than that required for
the onset of gain. As a result, the band-edge gain can reach very
large values exceeding 6000 cm™ (Figure 23a)."”” Very large
gain coeflicients in NPL materials have been observed in
multiple studies utilizing both VSL experiments'*®'*%!90156187
and TA measurements,'?”'>>15%13516018% 11y 4 4dition to the
high NPL excitonic occupancies needed for gain saturation,
large optical gain coeflicients result from extremely hi%h
packing densities achievable with the NPLs (Figure 23b).">"

As was suggested in refs 154 and 190, in addition to
excitonic states, NPLs may support stable Coulombically
bound biexcitons or excitonic molecules. Due to reduced
dielectric screening, typical of 2D structures,”"'** in thin
NPLs, the biexciton binding energy can reach large values of
around 30—40 meV that are greater than the room-
temperature thermal energy (~25 meV). As a result, a
photogenerated e-h system may represent a mixture of
unbound excitons and excitonic molecules both of which can
contribute to optical gain.">*'*’

Yet another gain mechanism emerges at high excitation
densities when 2D excitons start to overlap and an electron
loses its association with a specific hole, which leads to exciton
dissociation. This situation corresponds to a Mott transition
from an excitonic system to a dense e-h plasma.'”*™'"> The
critical sheet density of the Mott transition (p,p o) Scales
approximately as 1/(ma*,p). When the carrier concentration in
the plasma state reaches the condition of degeneracy (¢, + ¢y,
= 0, see Section 3.2.2), the probability of stimulated emission
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Figure 22. Three different optical gain regimes in colloidal NPLs. In smaller-area NPLs, optical gain is controlled by “state filling” as in 0D
nanocrystals. In this case, optical gain threshold, (Nth,gm), corresponds to excitation of approximately 1 exciton per NPL on average, that is,
(Nihgain) ~ L. In larger-area NPLs, whose lateral dimensions are greater than the size of the 2D exciton (2a,p), the optical gain is controlled by
effects of “space filling”. In this regime, the maximal excitonic occupancy of an NPL is defined by its area and is approximately equal to Aypr/
(7a*,p)- The gain threshold in this case is within the range 1 < (Nigain) < Axrer/ (ma*,p). At high excitation levels, when the excitonic gas undergoes
a Mott transition to a dense e-h plasma, the gain threshold shifts to (N, gin) > Axpr/ (ma*,p). In this case, optical gain occurs due to stimulated
emission from the degenerate e-h plasma. Center graph reproduced with permission from ref 148. Copyright 2015 American Chemical Society.

becomes equal to that of optical absorption, which corresponds and lasing thresholds were lower for nanocrystals,”* as
to the onset of optical gain (Figure 22). expected for 0D structures wherein optical gain threshold

Stimulated emission by the degenerate e-h plasma is the can be achieved with just one e-h pair excited per particle
most common optical gain mechanism in traditional semi- (Section 2.2.2). As discussed earlier, additional beneficial
conductor lasers based on both bulk and quantum-well features of the nanocrystalline materials are facile spectral

materials.'”°™'"’ This mechanism has been also realized in
colloidal NPLs. In particular, in a recent study described in ref
107, 4-ML CdSe NPLs showed two different optical gain
regimes with two distinct spectral bands (Figure 24). One
band, located below the band-edge transition, emerged at ~25
uJ cm™ (or (N) of ~4), and it was assigned to excitonic
molecules (Coulombically bound biexciton states). The other
shorter-wavelength gain feature developed at higher pump
fluences ((N) of ~35) and it was explained it terms of
stimulated emission from a degenerate e-h plasma.

tunability of an emission wavelength achieved via particle size
control and a weak sensitivity of optical gain to variations in
temperature.”>” The latter simplifies the realization of ASE
and lasing at room temperature, a necessary requirement for
technologically viable light-amplification devices.

The primary focus on the optical gain and lasing studies of
perovskites nanocrystals has been on lead halide structures
with the general formulation APbX;. Their crystal lattice is
composed of two interpenetrating cubic sublattices, one of

While not being discussed in ref 107, radiative exciton— which comprises [PbX¢]*™ octahedra (X = Cl, Br, or I), and
exciton scattering, well-known for bulk semiconductors,"** in the other, inorganic or organic A" cations (Figure 25a). A very
principle, could also contribute to intragap gain. In this popular perovskite system is all-inorganic CsPbX; nanocryst-
process, one exciton collapses radiatively by transferring part of als™ first reported in 2015. As synthesized, these are cubically
its energy to the second exciton. As a result, the emission line shaped particles of fairly large dimensions of ~10 nm and more
becomes red-shifted with regard to the exciton energy. This (Figure 25a).*29%2%% Gince these sizes are comparable to the
effect is similar to Auger-assisted emission in nanocrystals exciton Bohr diameter in these materials (~10 to ~24 nm; ref
discussed in Section 3.4.2 and it, in particular, is also driven by 44), the range of spectral tunability via size control is fairly
Auger-type Coulombic  collisions between photoexcited limited. However, the bandgap of the CsPbX; nanocrystals can
CArTiers. be readily tuned over a wide range of energies by adjusting the
4.2, Beyond II-VI Semiconductors: Perovskite Nanocrystals composition of a halide component (Figure 25b).** This can

4.2.1. Optical-Gain-Related Properties of Perovskite be done via straightforward anion exchange procedures,”” ™"’
Nanocrystals. Solution-processable perovskites prepared as using which one can obtain mixed halide compositions and
both bulk films and nanocrystals have recently emerged as thereby continuously tune the emission wavelength (Figure
promising optical-gain materials.”***°~*"> While both systems 25b). This a convenient capability for prospective lasing
showed laser action under optical excitation, the observed ASE applications as it allows one to obtain shorter-wavelength
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Figure 23. (a) Room-temperature VSL measurements of optical gain
in 4 ML-CdSe-NPL film using excitation fluences ranging between 17
and 910 yJ cm™ (150 fs, 400 nm pulsed excitation). At the highest
pump level, the modal gain coefficient reaches a very high value of
6300 cm™. Adapted with permission from ref 157. Copyright 2019
American Chemical Society. (b) A solid-state film made of 11 layers
of 4-ML CdSe NPLs with a Cdy,5ZnysS alloyed shell. This image
illustrates that NPLs are capable of forming very dense solids, which
helps boost optical gain. Adapted with permission from ref 153.
Copyright 2020 American Chemical Society.
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Figure 24. Optical gain spectra of 4-ML CdSe NPLs (Ayp, &~ 340
nm?) as a function of average NPL excitonic occupancy.'’’ These
spectra were recorded using a TA experiment for a pump—probe
delay of 2.5 ps using excitation with 100 fs, 3.1 eV laser pulses. At
lower excitation levels, optical gain occurs in the sub-bandgap region
(520—560 nm). It was ascribed to excitonic molecules. The second
gain band emerges at higher pump levels ((N) > 35). It was located in
the range of the above band gap energies and explained by stimulated
emission from the degenerate e-h plasma. Here, gain is presented as a
bulk-equivalent gain coefficient, Gy (Section 3.1.1). Adapted with
permission from ref 107. Copyright 2019 American Chemical Society.
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Figure 25. (a) Left: A schematic depiction of a crystal structure of a
CsPbBr; perovskite that comprises two interpenetrating cubic
sublattices formed by PbBrg octahedra and Cs ions. Right: a high-
resolution transmission electron microscopy image of an individual
cubically shaped CsPbBr; nanocrystal with a cube side of ~13 nm.
Based on well-resolved lattice fringes, the lattice constant is 5.8 A,
which is the same as for the bulk crystal. (b) The PL spectra of a
series of CsPbX; nanocrystals with a varied composition of a halide
component demonstrate wide-range spectral tunability which covers
the entire range of visible wavelengths. All panels reproduced with
permission from ref 44. Copyright 2015 American Chemical Society.

emission with fairly large particles that are less affected by
Auger recombination (see below).

As nanocrystals of more traditional compositions, perovskite
nanocrystals exhibit volume scaling of Auger life-
times.””'%%?%%?%” A5 was discussed earlier in this review
(Section 2.3.1), this scaling is functionally similar to that
observed, for example, for II-VI CdSe nanocrystals; however,
the proportionality constant is different. In particular, based on
the analysis of smaller-size particles (Figure 4, green line), y ~
0.06 ps nm™>, which is more than an order of magnitude
smaller than that for CdSe nanocrystals (Figure 4, orange line).
As a result, the Auger lifetimes for the same-size particles are
considerably shorter, which is detrimental for lasing
applications, especially in the case of devices with cw optical
and direct current (d.c.) electrical pumping (Sections 2.3.3 and
5.3). An additional problem is that the existing strategies for
Auger decay engineering via heterostructuring and composi-
tional grading (Section 2.4.2) are difficult to apply to
perovskite nanocrystals as they exhibit high ionic mobility
that tends to homogenize the composition across the entire
particle.”' %!

However, there are still approaches to achieve certain
control of Auger lifetimes beyond that due to “volume scaling”.
In particular, Auger rates seem to be sensitive to the
composition of both the anion and cation compo-
nents.'*”*°”*'* For example, it was observed that Ta XX
becomes longer when the anion is switched from Cl to Br
and then 1.7”7°%?% Another reported observation is the effect
of an A-site cation on Auger time constants. In particular, the
replacement of Cs with organic cations such as methylammo-
nium or formamidinium led to a 5-fold increase of the Auger
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lifetime.”'> Based on these insights, the use of I-based
structures with organic A-site cations may help alleviate (at
least partially) the problem of fast Auger decay in perovskite
nanocrystals.

Another important parameter for applications in optically
pumped lasers is an absorption cross-section. Previous studies
established that the nanocrystal absorption cross-section at
energies well above the band gaps scales linearly with the
nanocrystal volume: o,,(hv) = f.o.Vc(nne/Nm) Opu(hr),
where nyc and n,, are, respectively, the refractive indices of
the nanocrystal material and the external medium, @, (hv) is
the bulk absorption coefficient, and f,,, < 1 is the field
correction factor determined by a “dielectric contrast” at the
nanocrystal/external-medium interface.>”®’ Interestingly,
although the particle volumes of typical CsPbBr; nanocrystals
are larger than those of spherical CdSe QDs,'” this does not
translate into a proportional enhancement of 6. In fact, based
on the measurements described in ref 100, the absorption
cross-section of CsPbBr; nanocrystals with a Viyc of 250 nm?
was similar to that of 48 nm*> CdSe QDs'” despite a more
than S-times greater volume. Based on the analysis of dielectric
parameters of CsPbBry and CdSe, the authors of ref 100
concluded that the reduced absorption cross-sections of
perovskite nanocrystals stemmed from a lower absorption
coefficient of bulk CsPbBr; that was likely approximately ten
times lower than that of CdSe.

4.2.2, Optical Gain Mechanism, and ASE and Lasing
Experiments. An important parameter of a material from the
standpoint of optical gain applications is the degeneracy of
band-edge states, which defines their occupancy limits and
thereby optical gain thresholds and the magnitude of saturated
gain. The states’ degeneracies are defined by factors such as the
number of equivalent band minima in the Brillouin zone and
the spin structure of CB and VB states. As distinct from II-VI
semiconductors whose CB and VB minima are at the center of
the Brillouin zone (I-point),***'**'* the band minima of
CsPbX; perovskites are located at the R-points.”'*'® The
Brillouin contains 8 equivalent R-points. However, since they
are shared between 8 primitive cells, this does not increase the
degeneracy factor and all R-points can be treated as a single
band minimum.

Further complexities arise from a mixed Sp(halide)/6s(Pb)
character of the VB,*"*'* and spin—orbit coupling
(SOC)."**57217 Without SOC, three degenerate sub-bands
may coexist at the CB minimum.”">~>'* However, if SOC is
taken into consideration, the number of CB degenerate sub-
bands can be reduced to 2 or even 1, depending on specific
assumptions.” >*'7*'® In this case, the final CB state
degeneracies would be 4 and 2, respectively (Figure 26a).

To shed light onto this subject, the study presented in ref
100 employed TA and transient PL experiments to elucidate
occupancy limits of the band-edge states of CsPbX; nano-
crystals. Based on these measurements, the saturation of the
band-edge TA and PL signals occurred when two or more
excitons were excited per nanocrystals (Figure 26b). This
indicated that both the CB and the VB states were 2-fold
degenerate, that is, g, = g, = 2. This further suggested that
optical gain is governed by the same principles as those for a
simple two-level system comprising 2-fold spin-degenerate
states (Section 2.2.1). In particular, the optical gain threshold
is given by (Ny, gin) = 1, and gain saturation occurs that when
all nanocrystals contain biexcitons and other higher-order
multiexcitons, that is, (N) > 2.
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Figure 26. (a) An approximate band diagram of a CsPbX; perovskite
without (left) and with (right) inclusion of effects of spin—orbit
coupling (SOC). If one accounts for splitting of the CB states due to
SOC, the CB band-edge degeneracy is reduced from 4 to 2. (b) The
early- and late-time PL signals (A and B, respectively) of the
CsPbBr, I, s nanocrystals as a function of (N) obtained from the PL
time transients (inset) recorded using excitation with 3.6 eV, 220 fs
pulses. At large (N), when both signals are saturated, their ratio is
controlled by the degeneracies of the CB and VB states that define
their maximal occupancies. Based on the conducted modeling, the
measurements are best described assuming g, = g, = 2 (black solid
line). The dashed lines show modeling for g, = 2 and g, = 4
(blue), and g, = gmax = 4 (green). Here, g, = min(g,, g,) and guux =
max(g,, g,). The red line is calculated from (1 — p,), there pj is the
fraction of unexcited nanocrystals obtained using Poisson statistics of
photon absorption events. Adapted with permission from ref 100.
Copyright 2016 American Chemical Society.

studies of ASE*'”7??? and las-
using perovskite nanocrystals are con-
sistent with the biexcitonic gain mechanism. The measured
band-edge O?Ptical ain coeflicients of close-packed films reach
~450 cm™!, 719225225 yhich is on par with values observed
for CdSe-based systems.''”**° The optical gain lifetimes
(~100 to ~600 ps)**”**” are also similar to those of
nonengineered CdSe nanocrystals.

As was indicated earlier, an interesting capability associated
with perovskite nanocrystals is spectral tunability achievable via
composition control. This capability was exploited in ref 24 to
demonstrate multicolor ASE using CsPbX; nanocrystals with a
varied halide composition (Figure 27). In particular, with
purely Br-based structures, the ASE occurred at ~540 nm
(green color). By using a mixed Br/Cl system with increasing
Cl content, the ASE band was gradually shifted to 470 nm
(blue color). When Br was mixed with I, the ASE shifted
toward longer wavelengths reaching eventually ~630 nm (red
color).

In addition to demonstrations of cavity-free ASE, multiple
works have combined perovskite nanocrystals with different
types of optical resonators to realize laser oscillations. These
include vertical cavity surface emitting lasers
(VCSELs),”*****® devices based on whispering gallery
mode structures,””*'”*** and lasers employing Fabry—Pérot
resonators.””” An interesting recent study described in ref 230

The reported
g2 H25219221222,224
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Figure 27. (a) Pump-fluence dependent emission spectra of a close-packed film of CsPbBr; nanocrystals excited with 400 nm, 100 fs pulses. The
fluence was tuned from 3 to 25 mJ cm™2 The sharp feature emerging on the longer-wavelength side of the recorded spectra is due to ASE. (b) An
illustration of spectral tunability of ASEachieved by adjusting the composition of the halide component. All panels reproduced with permission

from ref 24 (CC-BY 4.0).

demonstrated ASE-active waveguides prepared as free-stand-
ing, flexible, water-resistant membranes composed of function-
alized perovskite nanocrystals and a cellulose acetate polymer.

5. PRINCIPLES OF NANOCRYSTAL LASER DIODES
5.1. Challenges of Laser Diodes

A laser diode is an EL device wherein an electric current is
converted into emitted laser light. This makes it similar to a
traditional LED. However, there are critical distinctions
between the two devices that make the realization of a laser
diode considerably more difficult than an LED. A typical QD
LED features a p-i-n architecture wherein a thin, 1-2
monolayer QD film is sandwiched between an n-type electron
and a p-type hole transport layer (ETL and HTL, respectively)
(Figure 28). This design alleviates the problem of poor charge

Figure 28. A schematic depiction of a typical “inverted” QD LED. It
comprises an active QD layer sandwiched between ETL and HTL,
supplemented by a cathode and an anode. In the present example, the
two latter elements are made of an ITO layer and an Al/MoO,
bilayer. Reproduced with permission from ref 56 (CC-BY-NC-ND).

conductance of a QD solid and facilitates injection of both
types of carriers under forward bias and minimizes device
current under reverse bias.

A nanocrystal-based laser diode can be thought of as an
LED-like device with an addition of an optical resonator. This
resonator can be implemented either as an internal
(integrated) or external optical cavity that circulates light
through the nanocrystal-based gain medium and leads to its
amplification via stimulated emission (Figure 29). One
challenge in realizing this structure is the need for effective
mitigation of damping of cavity modes due to optical losses in
various charge conducting layers of an EL device stack. A
further problem is potential disruption of charge injection
pathways caused by the integrated optical resonator. An
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additional complication is the need for extremely high current
densities (j) required to first achieve optical gain and then
realize a gain coefficient that is sufficiently high to compensate
for optical losses in a complex device stack.

5.2. Laser Diodes versus LEDs

In a traditional QDLED, a QD is excited via sequential
injection of negative and positive charges. In an “inverted”
LED with a ZnO ETL, the first step is electron injection, which
can occur even spontaneously (without bias) due to a high
Fermi level of n-type ZnO.*° The second step is hole injection,
which leads to creation of a neutral exciton. Importantly, this
step is favored over injection of the second electron because of
Coulombic effects (Figure 30). Coulombic attraction facilitates
injection of a charge of the opposite sign, while the injection of
the same-sign charge is inhibited by Coulombic repulsion. The
model of ordered (“correlated”) injection in QD LEDs was
first introduced in ref 59 and recently validated by experiments
presented in refs 231 and 232. Following the creation of an
exciton, the QD emits a photon and thereby returns to its
ground state. Thus, in a standard LED, the QD is circulated
between the ground (l0)), negatively charged (le”)), and
single-exciton (X)) states. In Figure 30 this excitation/
relaxation cycle is shown by blue shading.

The realization of laser action requires a different excitation/
relaxation cycle (highlighted by red shading in Figure 30 and
label “QLD”, which stands for “QD laser diode”). Optical gain
relies on biexcitons. To generate a biexciton, the exciton
created via electron and hole injection steps needs to be
excited further to a negative-trion state instead of letting it
relax to the ground state. Afterward, the trion must be quickly
converted (before recombination) into a biexciton via hole
injection. Then, the biexciton relaxes to the single-exciton state
via stimulated emission, which concludes in the QLD cycle.
Apparently, the realization of this cycle requires high injection
rates that must outpace decay of both single excitons and
trions. Further, to allow for accumulation of sufficiently large
number of biexcitons, the injection rate must also be higher
than the biexciton recombination rate. Since both trions and
biexcitons are subject to fast Auger recombination, the
realization of the QLD excitation/relaxation cycle (red shading
in Figure 30) is considerably more difficult than the realization
of the traditional LED cycle (blue shading in Figure 30). In
particular, as discussed in the next Section, this requires very
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Figure 29. A schematic depiction of a nanocrystal laser diode. This device can be thought of as a nanocrystal-based LED that contains an optical
cavity for circulating light through an active nanocrystal-based optical gain medium. In the displayed scheme, the cavity is formed by optical
reflectors 1 and 2. As in a standard LED, in a laser diode, electrons and holes are injected from the opposite sides of the nanocrystal layer via a
combination of appropriate charge-injection/transport layers. The charge-injection architecture must be capable of delivering very high j necessary
to generate optical gain in the nanocrystal medium. In the case of charge-neutral nanocrystals, the values of j must be sufficiently high to generate

biexcitons at least in a fraction of the particles in the active volume.

[2e7)

Figure 30. In a standard “inverted” LED, a QD is excited by the
injection of an electron, followed by the injection of a hole. The latter
process is facilitated by Coulombic attraction that favors the injection
of a positive charge (energy downhill process). Simultaneously,
Coulombic repulsion impedes the injection of the second negative
charge (energy uphill process). The net result of these two injection
steps is the creation of an exciton. It recombines to emit a photon,
which brings the QD back to the ground state. Then, this cycle
(shown by blue shading) repeats again. Labels 10), le™), and IX)
denote the ground, single-electron, and single-exciton states; g, and g
are the rates of electron and hole injection, respectively. The vertical
axis shows electrostatic energies of different QD states computed
using a model of a charged sphere.'* In this model, the electrostatic
energy of a doubly charge QD is 4 times greater than the energy of the
singly charged dot (E. ;). In order to realize optical gain, a QD must
be excited with a biexciton. This requires a different excitation/
relaxation cycle (red shading) in which the QD is circulated between
the single-exciton, negatively charged-exciton (IX~), negative trion),
and biexciton (IXX)) states. The lifetimes of these states are 7y, Ty
and 7xy. “QLD” is the abbreviation for “QD laser diode”. Reproduced
with permission from ref 15. Copyright 2021 Springer Nature
Limited.

high current densities that greatly exceed those used in
standard QD LEDs.

8275

5.3. Optical Gain and Lasing Thresholds in Electrically
Pumped Devices

To quantify current densities required to achieve optical gain
and laser action, we will use the model of Figure 30 in which
we assume that the rates of electron and hole injection are
equal to each other (g = gexch = exe) and further disregard
the injection pathway, which involves a doubly charged QD
(dashed arrows in Figure 30). In this case, d.c. electrical
injection can be treated as cw optical excitation analyzed by us
earlier using a three-state model of Figure 2b. In order to apply
the results of this analysis to electrically pumped devices, we
need to relate the excitation rate to current density. For this
purpose, we will use an electrical cross-section (o) introduced
previously in refs 15 and 32. This quantity defines an affective
area from which a QD collects charge carriers flowing through
the device.

Intuitively, o, is directly linked to the QD cross-sectional
area, which we will refer to as a QD geometrical cross-section,
0, = 7R*. However, in a typical LED device setting, ¢, can be
greater than oy To illustrate this, we will consider an EL
device, which contains a single layer of QDs sandwiched
between an ETL and an HTL. Due to an organic capping layer
and unbound ligands present in the QD film, the areal filling
factor (f,) of QDs can be considerably lower than 1. In fact,
based on the available literature,>*>’ f. is ca. 0.5—0.6 for large
core/shell particles (R = 7—10 nm) typically used in QD
LEDs. The rest of the film is filled with insulating molecules.
As a result, the current flows preferentially through QD
semiconductor cores that serve as “current-focusing” apertures
(Figure 31). Because of this effect, the electrical cross-section is
increased compared to o, by a factor of 1/f, that is, o, = o,/f..

Using the electrical cross-section, we can relate the
excitation rate to the current density by g... = 0.(j/¢), where
e is the elementary charge. This further allows us to convert
Sexcihgain ANd gexc1/2 Obtained earlier in Section 2.3.3 into
corresponding current densities:

A
0y [TxTxx

J th, gain =

(8)
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Figure 31. In a film sample, semiconductor QDs (orange) are
surrounded by bound and unbound organic ligands that form an
insulating barrier (blue). As a result, electric current (black arrows) is
funneled through semiconductor particles that act as “current
focusing” apertures. Because of this effect, the electrical cross-section
of a QD (o,) is greater than its geometric cross-section (ay).
Reproduced with permission from ref 15. Copyright 2021 Springer
Nature Limited.
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Here, as in the case of optical pumping, j,/, is used as an
approximate measure of the lasing threshold.

First, we will use eqs 8 and 9 to compute threshold current
densities for standard nonengineered CdSe QDs with a 2.5 nm
radius used in our earlier estimations of optical gain and lasing
thresholds in the case of cw optical pumping. We will use the
same time constants (7y = 20 ns, 7xx = 65 ps) and assume f, =
0.5. For these parameters, jy, o, = 0.36 kA cm™? and ji, = 6.3
kA cm™2 These values are orders of magnitude higher than
maximal current densities realized in standard d.c. QD LEDs,
for which the device breakdown usually occurs at j of ~1 A

m™2*%*** This emphasizes again the need for specially
engineered QDs with a suppressed Auger recombination and
an increased electrical cross-section for lowering jiy, o.in and ji
to levels compatible with colloidal nanostructures.

Luckily, compositionally graded cg-QDs, discussed earlier in
the context of optically excited lasers, are also well suited for
applications in electrically pumped lasing devices. Indeed, due
to a large type-I shell they have large electrical cross-sections.
Simultaneously, they exhibit a strong suppression of Auger
decay leading to a long 7xx. These improvements translate into
a considerable reduction of jy, i, and jy . In particular, using
parameters of cg-QDs from ret 59 and f, = 0.5 in eqs 8 and 9,
we obtain ji, e = 7 A cm™ and ji, = 24 A cm™% While both
current densities are still high by standards of traditional QD
LEDs, they can be easily realized using devices with a special
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“current-focusing” architecture.”® In fact, the values of j can be
pushed much higher (to 100s of A cm™2 and even to more than
1000 A cm™?) using devices wherein current focusing is
combined with pulsed electrical pumping.'®®® In the next
Sections, we will discuss implementations of nanocrystal-based
optical-gain and lasing devices.

6. ELECTRICALLY EXCITED OPTICAL GAIN AND
LASING

6.1. Optical Gain in High Current Density LEDs

6.1.1. Design Principles of Nanocrystal Laser Diodes.
Nanocrystal-based LEDs have been realized using particles of
various morphologies including 0D QDs******>**® and 2D
NPLs.”*”*** The majority of these studies have utilized II-VI-
based nanocrystals (primarily CdSe******%). More recentl?r,
high-performance LEDs based on III-V (mostly, InP>**>*>>*")
nanocrystals and perovskite nanostructures”*>*** have been
reported in the literature. At present, this is a mature field with
good prospects for commercialization in the near fu-
fure, 101,236,244,245

As discussed earlier (Section 5.1), the realization of
nanocrystal-based laser diodes is considerably more challeng-
ing than the realization of standard LEDs. First, it requires
specially engineered nanocrystals that feature strong suppres-
sion of Auger recombination and large optical gain cross-
sections. Additional challenges lie in the areas of electrical and
optical designs of the device structure. In particular, the charge
injection architecture must be capable of generating high
current densities necessary for inverting the nanocrystal gain
medium. Simultaneously, the same device must feature low
optical losses so they would not suppress the gain generated in
a thin active medium. Finally, the realization of laser
oscillations requires an optical cavity, which should be
integrated so as not to disrupt charge-injection pathways.
Below, we discuss practical approaches for addressing these
challenges.

6.1.2. Mechanisms for Degradation at High Current
Densities. The realization of laser diodes, and high-j devices
in general, requires effective heat management as heat
accumulation causes several issues affecting device stability.
In particular, the generated heat leads to distortion of a
nanocrystal passivatirég layer and thereby degradation of the
emission efficiency.”*® Further, the rise in device temperature
increases unwanted optical losses in charge-conducting layers,
which leads to the reduction of net optical gain.”””*’ The
excess heat can also compromise the integrity of charge-
conducting layers and thereby lead to device breakdown.

The elements that are especially sensitive to effects of heat
are organic charge-transport layers (CTLs) often used as
HTLs.>***® In particular, the properties of organic materials
are dramatically modified when they reach the glass transition
temperature (T,), which typically ranges from 100 to 150
°c. ¥ During this transition, the material switches from a
glass- to a rubber-like phase.””” As a result, it becomes softer
and more sensitive to heat-induced degradation.””"*** This
also reduces the material’s electrical strength making it more
prone to electrical shorts.”>

This implies that the realization of high-j devices requires
HTLs with high T, values. For example, popular HTLs based
on 4,4'-bis(N-carbazolyl)-1,1"-biphenyl (CBP)*** and N,N'-
bis(naphthalen-1-yl)-N,N’-bis(phenyl) benzidine (NPB)**®
are not well suited for this purpose as they have fairly low
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T, values of 62 and 98 °C, respectively. More suitable
alternatives are N,N’-bis(naphthalen-1-yl)-N,N’-bis(phenyl)-
2,7-diamino-9,9-spirobifluorene (Spiro-NPB) or Tris (4-
carbazoyl-9-ylphenyl) amine (TCTA) whose T, values are
126 and 151 °C respectively.”*® Due to their higher thermal
stability, inorganic HTLs may also be considered for
implementing high current density LEDs.****%’

Understanding device overheating under high current
densities and the development of methods for mitigating this
problem are important components of efforts aiming at the
development of colloidal nanocrystal laser diodes. Next, we
overview a simple quantitative model of device overheating
and experimental approaches to reduce it.

6.1.3. Modeling of Device Overheating. To model heat
accumulation in an active volume of a nanocrystal-based LED,
we consider the interplay between heat generation due to Joule
heating and heat dissipation via thermal exchange with the
environment.'>**® In our modeling, we will neglect temper-
ature gradients within the active volume, which will allow us to
characterize it by a spatially uniform temperature T, To
describe heat outflow, we will treat a surrounding environment
as an ideal heat sink with temperature T, Under these
conditions, the time-dependent device temperature can be

described by

JAT
C—— = A,jV — KAT
dt & (10)

where C is the heat capacity of the active volume, AT = T4 —
Ty, Aq is the active area, V is the applied voltage, and K is the
heat exchange constant. In the case of d.c. current when
dAT

dt
overheating

=0, eq 10 leads to the following expression for device

AT = A4jVK™" (11)

According to eq 11, overheating can be reduced by boosting
the heat exchange constant for enhancing heat dissipation and/
or decreasing the size of the injection area for reducing the
overall amount of generated heat. The former of these
measures can be implemented using, for example, special
substrates with high heat conductivity, >’ and the latter, by
employing so-called “current-focusing” approaches for reduc-
ing the injection area.”*"®*

Further reduction of overheating is possible by using
excitation with short, widely spaced pulses. Pulsed excitation
aims to switch off Joule heating before the device reaches the
steady state temperature defined by eq 11. In addition, the
device can cool down during interpulse periods, potentially to
the temperature of the environment. To elucidate the
dynamics of device temperature in the case of pulsed
excitation, we assume that the applied bias is a square-shaped
waveform with pulse duration 7, amplitude V;, and pulse-to-
pulse separation T,,,. Using this waveform in eq 10, we obtain

_ Ad]VO -7,/ Tr
AT(TP) = T(l —e P ) (12)

where 7 = C/K is the characteristic heat-dissipation time
constant. In the short-pulse limit (7, < 7p), this expression
yields

Ao §

AT(r) = 2002

(13)

Tr
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which implies that using pulsed pumping, one can reduced
device overheating by a factor of 7,/ compared to the d.c.
case.

In the next two Sections, we consider practical implementa-
tions of current-focusing and pulsed excitation schemes that
have been applied to realize high-j nanocrystal LEDs.

6.1.4. Current-Focusing Approaches. To realize cur-
rent-focusing, one can reduce the injection area using specially
shaped electrodes and/or small apertures inserted into an
electron and/or hole injection path.””**® This method helps
reduce heat inflow by reducing overall current flowing through
the active volume and simultaneously it facilitates heat
exchange with the environment. As a result, current-focusing
devices can tolerate higher current densities without break-
down, 263264

A current-focusing structure can be realized using
orthogonal electrodes (an anode and a cathode) shaped as
narrow strips whose overlap defines a small injection
area.”®"”* Another approach is to employ a small aperture
in an insulating interlayer (made of, for example, SiO,, LiF, or
AL Q,) inserted into a device stack on one of both sides of an
active nanocrystal layer.H7’266 )

The first report on electrically excited nanocrystal gain®’
employed a current-focusing device based on compositionally
graded cg-QDs wherein a charge-injection area was defined by
a narrow slit (<100-ym-wide) in a 50 nm-thick LiF insulating
interlayer. The developed structures were able to reach current
densities of 18 A cm™? under d.c. excitation®” (Figure 32a). At
j>3—4A cm™?, in addition to traditional band-edge EL, they
exhibited the second higher-energy EL feature involving the
1P, electron state (Figure 32b). This observation implied that
the 1S, state was completely filled, which further suggested that
the QDs were occupied with at least 2 excitons per dot on
average. This was above the optical gain threshold (~1 exciton
per dot) and, in fact, indicated complete saturation of band-
edge optical gain.'>’

6.1.5. Pulsed Excitation. As was demonstrated in ref 16,
the current density can be pushed to very high values (~1000
A cm™) by combining a current-focusing architecture with
pulsed excitation. In devices reported in that work, the
injection area was reduced by a factor of ~10 compared to that
in ref 59 using 2D current-focusing implemented with a
combination of a slit-like aperture and an orthogonal narrow
metal anode. An additional distinction from the previous study
was the use of pulsed excitation with pulses as short as 1 us,
which corresponded to the duty cycle of 0.1% for the 1 kHz
repetition rate (Figure 33a). The pulsed pumping helps reduce
heat inflow and simultaneously enhances heat dissipation due
to long cooling periods separating adjacent voltage pulses.
Previously, this approach was applied in organic®®****** and
perovskite*®”>%% high-brightness LEDs as well as traditional
laser diodes based on epitaxial QDs.”***”°

The pulsed current-focusing LEDs described in ref 16
showed stable operation at ultrahigh current densities of up to
~1000 A cm™* and reached unprecedented brightness levels of
~10" c¢d m™* (Figure 33b). The analysis of temperature-
induced shifts of the EL spectra confirmed that these
parameters were achieved due to strong suppression of
overheating of the active device volume'® (Figure 33c).

The effect of pulsed pumping on device overheating was
experimentally investigated in ref 16 using pulses of a varied
duration (1 to 30 us) and fixed T,, = 1 ms. For a given input
electrical power (defined as P, = VjA;), longer pulses led to a
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Figure 32. (a) The plots of the j—V and the EL-intensity—V'
dependence of a current-focusing LED employing compositionally
graded CdSe/Cd,Zn,;_,Se-based cg-QDs with suppressed Auger
recombination.”” The maximal current density reaches 18 A cm™2,
which is considerably higher than in standard QD LEDs. Inset shows
the device structure which features a dielectric LiF interlayer with a
narrow current-focusing slit. (b) The EL spectra measured for
increasing current density reveal the emergence of the higher-energy
1P emission band, which indicates that the band-edge 1S state is fully
occupied, that is, the dot contains at least two excitons (insets). All
panels adapted with permission from ref 59. Copyright 2018 Springer

Nature Limited.

higher temperature of the active region (Figure 34a). The
overheating of the active volume, inferred from the redshift of
the 1S EL band, was compared with modeling using the
formalism described in Section 6.1.3. In particular, eq 10 was
used to calculate average overheating during the electrical
pulse (ATavg) as a function of input power and pulse duration.
Then, by adjusting parameters K and C, the simulated AT,/
P.-vs-t, dependence was matched to the measurements
(Figure 34b). This procedure yielded K = 4.8 X 107* W/K
and C = 1.9 X 107 J/K.

Based on the above values, heat dissipation time constant 7
= C/K = 3.9 pus. Using it, we estimate that the reduction in
overheating achieved with 1 ps pulses versus the d.c. case is
~75% (obtained from eq 13). This explains why the same
device can be operated at considerably higher current densities
in the pulsed mode compared to d.c. excitation. In particular,
as was demonstrated in ref 16, the use of 1 us pulses allowed to
push j to over 1000 A cm™?, which was ~30 times higher than
with d.c. pumping (Figure 33b).

6.1.6. Electrically Excited Optical Gain. As discussed
earlier, the first demonstration of electrically excited optical
gain employed d.c. LEDs with 1D current focusing that
produced j values of up to 18 A cm®*’ The active LED layer
was made of compositionally graded CdSe/Cd,_,Zn Se-based
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Figure 33. (a) A device stack of a high-j cg-QD LED employing 2D
current-focusing. The image of the emitting area (bottom left) shows
that the injection area is limited to 50 #m by 300 ym. (b) The j—V
and L—V plots (L is luminance) for the current-focusing device (blue
and red lines) in comparison to those of the reference (planar) device
without current focusing (green lines). For the current-focusing
device, the measurements were conducted using d.c. (blue lines) and
pulsed (red lines) excitation. In the pulsed mode, the current-focusing
device reached j of more than 1 kA cm™, which resulted in
unprecedented luminance of over 10’ cd m™. (c) Device overheating
(AT) as a function of j for the planar LED under d.c. excitation
(green triangles) and for the current-focusing device under d.c. (blue
squares) and pulsed (red circles) excitation. These data were obtained
based on the spectral shifts of the band-edge EL band. All panels
adapted with permission from ref 16 (CC-BY 4.0).

cg-QDs with suppressed Auger recombination. Optical gain
was detected and quantified using a current-modulated
transmission spectroscopy (Figure 35a). In this experiment,
optical transmittance of an operating device was probed with a
color-tunable laser light. The difference in the device optical
absorbance (Aa) for situations with and without bias was
measured as a function of j. At sufficiently high current
densities, the bias-induced absorption bleach observed below
the 1S feature exceeded linear absorption (), which indicated
the realization of optical gain (Figure 35b). The optical gain
band (shown by gray shading in Figure 35b) spectrally
overlapped with the biexciton emission spectrum (blue line in
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Figure 34. Experimental (symbols) and calculated (lines) results for
device overheating of an active QD layer in a pulsed LED as a
function of input electrical power (P,) for pulse widths 30 us (black),
10 ps (red), 3 us (green), and 1 us (blue). There is good general
agreement between the measurements and the calculations. The
deviation observed for longer pulses at higher powers is likely due to
the onset of a glass transition in the organic HTL that slows down the
growth of the temperature in the experimental measurements. (b)
AT,,/P, as a function of pulse width. AT,,/P, is derived from the
linear part of the AT-vs-P, dependence in panel (a). The symbols are
the experimental results, and the line is the modeling using eq 10.
Based on the modeling, K = 4.8 X 10 W/Kand C=19 x 1078 J/K

Figure 35b), as expected for the traditional biexcitonic gain
mechanism.

A more recent generation of nanocrystal-based optical gain
device reported in ref 16 employed 2D current focusing in
combination with short-pulse pumping. This approach allowed
for boosting j to ~1000 A cm?, which resulted in the unusual
EL spectra wherein the higher-energy 1P emission was more
intense than the band-edge 1S band (Figure 35c). Based on
the analysis of the 1S and 1P EL intensities using a “correlated-
injection” model,"**” the QD occupancies reached very high
levels of ~7 excitons per dot on average, which was sufficient
to realize both 1S and 1P optical gain (Figure 35d).

The QD excitonic occupancy can be also estimated from the
ratio of the 1P and 1S EL intensities (I,p/I;5). For this
purpose, we assume that all QDs in the active volume are
uniformly populated with N excitons. We further consider the
regime of steady state excitation which holds true even in the
case of pulsed pumping if the pulse duration is much longer
than the exciton lifetime. In this situation, the EL intensity of a
given QD transition is defined by its total emission rate (r;),
where i = 1S and 1P. The emission rate can, in turn, be linked
to the occupancy of the corresponding electron (N,;) and hole
(Ny,,) states and a nominal emission rate per a single spin-
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allowed transition (ry) by r, = r,N, Ny, ;/g, where g is the i-state
degeneracy (2 and 6 for the 1S and 1P states, respectively). If
N > 2, the 18 electron and hole states are fully occupied (that
is, N, ;s = N}, 15 = 2), and the rest of the carriers are forced into
the 1P, states (N, ;p = Ny, ;p = N — 2). The corresponding
emission rates are rg = 2r, and rp = 1o (N — 2)?/6, which
yields I;p/I;s = ry (N — 2)*/12.

Applying the derived expression to the situation where the
intensity of the 1S EL is equal to that of the 1P EL, we obtain
(N = 2)*/12 = 1, which yields N ~ 5.5. This corresponds to
the point of crossover of the 1S and 1P dependences in Figure
35d, which occurs at j ~ 800 A cm® Since N of 5.5 is above the
theoretical gain threshold for the 1P transition, condition I}, =
I\ may serve as an experimental indicator that the device
reaches the regime of not only 1S but also 1P optical gain. We
would like to point out that the above estimations are of
approximate character as they neglect the complexities of a VB
of real-life semiconductors such as the existence of multiple
hole sub-bands.

6.2. Control of Optical Losses

6.2.1. Manipulation of the Refractive Index Profile.
Even though the devices reported in refs 15, 16, and 59
indicated the realization of strong optical gain in the
nanocrystal medium, they did not exhibit ASE or lasing,
suggesting that the gain coefficient was lower than total optical
losses and, therefore, net optical gain was negative. There are
multiple sources of optical losses in the LED device stack
including charging-injecting electrodes and various charge-
transport layers. In particular, indium tin oxide (ITO) layers
have been widely used as transparent electrodes. ITO,
however, has a large absorption coefficient that exceeds 600
cm™! in the range of visible wavelengths (7o = 652 cm™ at
600 nm, ref 271). This problem is further exaggerated by its
high refractive index (nyrq = 1.8, ref 271) due to which the
electric field tends to concentrate in the ITO layer. This not
only increases optical losses but also leads to the reduction of
the mode confinement factor for the active nanocrystal layer,
which lowers modal gain (Section 3.1.1). Similar effects occur
due to other charge-conducting layers of the EL device.

To overcome the above problems, one needs to carefully
design the cross-sectional profile of the refractive index so as to
minimize the presence of the electric field in the lossy
conducting layers and concurrently maximize the field
confinement factor for the nanocrystal-based optical gain
medium. To accomplish these objectives, the study in ref 272
utilized not regular but low-index ITO (L-ITO) prepared by
mixing ITO with SiO,. This allowed for lowering the refractive
index (n; 7o = 1.6 at 630 nm, ref 272), which resulted in the
improved field distribution across the device. For the standard
ITO, more than a third of the total optical-mode energy
resided in the transparent electrode (I';ro = 34%, Figure
36a).””” In the L-ITO-based device, I'; 1o dropped to 22%.
Simultaneously, the mode confinement factor for the nano-
crystal layer increased from 18% to 23% (Figure 36b). An
additional advantage was the reduced absorption coefficient,
which dropped by a factor of 3 for the 2:1 SiO,:ITO mixture
compared to standard ITO (Figure 36c).

Using the above approach the authors of ref 272 achieved
optically excited DFB lasing from a nearly complete device
stack that missed only a top hole-injecting metal electrode
(Figure 36d). This device had an LED-like design and
comprised a DFB grating engraved into the L-ITO bottom
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Figure 35. (a) A schematic depiction of a current-modulated transmission spectroscopy experiment. Top: An output of a spectrally tunable laser is
modulated with a mechanical chopper. The “chopped” beam is used to probe the transmittance of the QD layer, which is measured as a function of
applied bias. Bottom: The difference in the transmitted light intensity with and without bias is used to infer bias-induced change in the absorption
coefficient (Aa). If Aa is negative and its magnitude is greater than the absorption coefficient of the unbiased device (IAal > ), this implies the
realization of optical gain. (b) The excited-state absorption spectrum (@ = @, + Aq; red line) obtained using bias-induced Aa (j = 8 A cm™) in
comparisons to the absorption spectrum of the unbiased device (black line). The optical gain part of the excited-state absorption spectrum
(corresponds to @ < 0) is highlighted by gray shading. The blue dashed line is the biexciton emission band (labeled “XX”). Panels (a, b) are
adapted with permission from ref 59. Copyright 2018 Springer Nature Limited. (c) The EL spectra of the current-focusing device of ref 16
measured for varied j (the spectra are normalized so as to match the 1S-peak amplitudes). These spectra show the emergence of the higher-energy
(1P) emission band, which eventually outshoots the 1S band. (d) The 1S and 1P band intensities extracted from the EL spectra in “a” (symbols) in
comparison to the results of simulation (lines) conducted using the correlated-injection model presented in refs 16 and S9. According to the
modeling the per-dot excitonic occupancy reaches ~7 at j of ~1 kA cm™2 This is sufficient to realize both 1S and 1P optical gain (pink and green
shadings, respectively). Panels (c, d) adapted with permission from ref 16 (CC-BY 4.0).

electrode, a ZnO ETL, an active medium comprising 3 62, optical losses dramatically increased after TCTA was
monolayers of cg-QDs, and a TCTA HTL (inset of Figure combined with MoO,, (Figure 37, top). A similar enhancement
36d). Upon application of the top molybdenum oxide/ in absorption was reported for other HTL materials such as
aluminum (MoO,/Al) contact, the device behaved as a CBP and NPB.””® The exact origin of this effect is yet to be
standard LED that showed bright EL under electrical understood. Tentatively, it was ascribed to the enhanced free-
excitation. However, additional optical losses induced by the carrier absorption due to the increased doping associated with
top electrode resulted in the suppression of lasing. The charge migration across the MoO,/HTL interface.”’®*””
quenching problem was resolved in the follow-up studies'”%>** To tackle the problem of high optical losses arising from
discussed later in this review. MoO, and MoO,/HTL junctions, the authors of refs 17 and
6.2.2. Analysis and Mitigation of Optical Losses. In 62 employed HIL made of 1,4,5,8,9,11-hexaazatriphenylene-
addition to the electrodes, CTLs also contribute to optical hexacarbonitrile (HAT-CN). This organic material was
losses. Many reported nanocrystal-based LEDs employ a ZnO previously used in high-performance nanocrystal-based
ETL prepared by colloidal or sol—gel methods.'”*®*** This LEDs.””® Tt exhibits good optical transparency and does not
material is highly transparent and shows the absorption cause any increase in absorption if interfaced with organic
coeflicient of only a few inverse centimeters in the range of HTLs such as TCTA, NPB, or spiro-2NPB (Figure 37,
visible wavelengths (e.g., dz,0 = 4.6 cm™" at 610 nm; ref 273). bottom).°” Therefore, it is well suited for implementing optical
Therefore, it does not contribute significant optical losses. gain devices including laser diodes.
However, due to its high refractive index (n,,o = 2 at 600 nm; Considerable losses may also arise from metal electrodes due
ref 274), it may lead to unwanted distortions of the optical- to their very high absorption coefficients.'***”***" For
field distribution within the device. instance, the absorption coefficient of silver (Ag) is of the
Another common element of nanocrystal LEDs is a hole- order of 10° to 10° cm™" in the visible spectral range (g = 84
injection layer (HIL) made of MoO,. As distinct from ZnO, X 10° cm™ at 600 nm, ref 281). Similarly high absorption
this material is optically lossy (ayo0x = 3153 cm™" at 600 nm, coefficients have gold (a,, = 6.8 X 10° cm™" at 600 nm, ref
ref 275), which was one the reasons causing quenching of 281) and aluminum (ary = 1.3 X 10° cm™ at 600 nm, ref 281),
lasing described in ref 272 after the deposition of the MoO, /Al both of which are also often used as electrodes. High values of
contact. HTLs made of organic molecules such as TCTA are a have a detrimental effect for lasing, especially if an optical
normally optically transparent. However, as was observed in ref mode exhibits considerable leakage into the metal contact.”””
8280 https://doi.org/10.1021/acs.chemrev.2c00865
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Figure 36. (a) A schematic depiction of a conventional LED device employing a standard ITO electrode. The optical-field intensity profile of the
fundamental transverse electrical (TE) mode is shown by the red line. Mode confinement factors for each layer are indicated in the figure. (b) Same
for the device employing L-ITO. In this case, the TE mode center is shifted toward the QD layer, leading to an enhanced I'yc. (c) Absorbance
spectra of a film of standard ITO (black line) and L-ITO (red line) for the identical film thicknesses of 150 nm. The L-ITO film is prepared by
mixing standard ITO with silica in the proportion 1 to 2. Adapted with permission from ref 62. (d) Optically excited lasing in the LED-like device
with the 2nd order DFB grating engraved into the L-ITO electrode. Panels (a, b, d) reproduced with permission from ref 272 (CC-BY 4.0).
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Figure 37. Top: The linear absorption spectra of the TCTA and
MoO, films (50 and 10 nm thicknesses, respectively) and the TCTA/
MoO, bilayer often used as an HTL/HIL combination in conven-
tional QDLEDs. Bottom: Same measurements for the Spiro-2NPB
HIL and HAT-CN HTL. The use of latter materials allows for
considerable reduction of optical losses. Reproduced with permission
from ref 62 (CC-BY 4.0).

To gain a deeper insight into optical losses due to a metal
layer, the authors of ref 62 analyzed the effect of a silver
electrode on propagation of transverse electric (TE) and
transverse magnetic (TM) modes in a glass/dielectric/Ag
waveguide. This modeling utilized a photonic simulation
package of COMSOL.”® Figure 38 shows 2D maps of the
optical fields of fundamental TE, (panel “a”) and TM, (panel

“b”) modes. These modes showed a notable difference in the
electric-field cross-sectional distributions. The TE mode was
distributed fairly uniformly across the entire thickness of the
dielectric layer. In contrast, the TM mode was localized near
the Ag interface and propagated in a waveguide as a surface
plasmon polariton. As a result of strong coupling to the metal
layer, the TM mode experienced much greater optical losses
than the TE mode, which led to considerably stronger
attenuation during the propagation in the waveguide (Figure
38c). This implies that the TE mode is more suitable for
realizing laser action than the TM mode.

While the TE-polarized optical mode is less influenced by
the metal electrode than the TM mode, it is still subject to
appreciable attenuation during propagation in a metal-cladded
waveguide (Figure 38c). Previously, this problem was
mitigated (at least partially) by inserting a dielectric spacer
between the electrode and the nanocrystal layer.””> Another
approach explored in the literature is to use graphene
electrodes in place of metal layers.”***** In addition to its
good conductivity, a graphene layer is extremely thin (~3.5 A
thickness) and, therefore, does not introduce considerable
absorption losses.”® The use of graphene allowed for
demonstrating fully transparent nanocrystal LEDs wherein
both an anode and a cathode were graphene-based”® (Figure
39a).

The “graphene-contact approach” was also recently
exploited for demonstrating optically excited ASE in a fully
stacked nanocrystal-based LED device.”** The authors of ref
284 employed a thin PbS/ZnO nanocrystal blended layer as a
gain medium. It was sandwiched between an ITO cathode and
a graphene anode. This device showed EL under electrical
excitation and ASE under pulsed optical pumping. Electrically
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Figure 38. (a) Spatial distribution of the TE field (E,) of the TE, mode (4 = 600 nm) propagating in a planar glass/dielectric/Ag waveguide. The
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permission from ref 62 (CC-BY 4.0).
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Figure 39. (a) An LED employing graphene layers as both an anode
and a cathode. The device stack has the following structure: quartz
substrate/graphene/poly(3,4-ethylenedioxythiophene) polystyrene-
sulfonate (PEDOT:PSS)/ polyvinylcarbazole/CdZnSeS/ZnS QDs/
ZnO nanoparticles/graphene. Reproduced with permission from ref
283. Copyright 2018 American Chemical Society. (b) A “remote-
electrode” approach for suppressing quenching induced by the metal
electrode. In this structure, the Ti/Au electron-injecting electrode is
laterally displaced from the QD emitting region. The Al hole-injecting
contact is followed by a thick hole transport layer. Electrons are
delivered via a horizontal charge-transporting channel made of ZnO
(depicted as a thin white layer). Blue and red dashed lines are electron
and hole transport paths, respectively. Adapted with permission from
ref 273. Copyright 2021 Wiley-VCH GmbH.
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excited ASE, however, was not realized due to insufficiently
high current densities. Therefore, the utility of graphene
electrodes in ultrahigh-j optical gain and lasing devices is still
an open question.

Yet another approach to mitigate losses associated with
metal contacts is to laterally displace an active light-emitting
region from one or both electrodes. An example of a such
“remote electrode structure” is presented in Figure 39b.””> In
this design, an electron-injecting contact and the active QD
region do not overlap vertically but are rather connected by a
CTL which serves as a lateral channel for delivering charges
from the electrode to the active medium. As a result, light
propagation in the active layer occurs without interference
from the metal contact. However, the implementation of this
design in the case of high-j devices might be challenging due to
a long carrier-transport path and correspondingly high
resistivity, which could result in increased device overheating.

6.3. Optically Excited Lasing in High Current Density EL
Devices

6.3.1. Optical Gain Optimization. As discussed earlier in
this review (Section 3.1.1), the material gain coefficient can be
presented as a product of the gain cross-section and the
nanocrystal concentration in an active medium (Gt = gainp).
For type-I nanocrystals, for which an electron and a hole are
colocated in the same domain of the nanostructure (e.g,, a QD
core in a core/shell structure), the strength of optical
transitions is virtually independent of nanocrystal size,*’
implying that 0,y, is also not strongly dependent on particle
dimensions. Thus, one approach to boost optical gain of a
close-packed film is to reduce the nanocrystal size and thereby
increase p as it scales approximately as 1/Vyc.

The effect of the nanocrystal size on G, was experimentally
studied in refs 17 and 62 using a series of CdSe/Cd,Zn,_,Se/
ZnSeSos/ZnS cg-QD samples with a fixed core radius of
~2.6 nm and a varied thickness of the r/J%raded layer (Hcgznse)
that was changed from 2 to 6 nm'”%? (Figure 40a). Using
this approach, the overall cg-QD size was tuned from 12 to 20
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Figure 40. (a) The internal structure of a compact compositionally graded CdSe/Cd,_,Zn,Se/ZnSey5Sos/ZnS ccg-QD (top) along with an
approximate band structure (bottom right) and an exemplary transmission electron microscopy image (bottom left). (b) Variable stripe length
measurements of optical gain of a thick close-packed film of ccg-QDs (symbols) and fitting curves assuming exponential growth of the ASE
intensity (lines). Based on the fits, the 1S and 1P material gain coefficients are 780 and 890 cm™’, respectively. (c) The 1S (red circles) and 1P
(green squares) material gain coefficients of compositionally graded cg-QDs as a function of overall diameter; the QD size is tuned by varying the
thickness of the Cd;_,Zn,Se graded layer. The corresponding biexciton lifetimes are indicated next to the data points. All panels adapted with

permission from ref 62 (CC-BY 4.0).

nm, which corresponded to the change of Vyc by a factor of
~4.6. Material gain was quantified using a VSL technique
(Figure 40b). The measured values of G, showed the
expected trend, that is, the 1/Vyy¢ scaling of the gain coefficient
with QD volume (Figure 40c). For the thickest graded layer,
the band-edge gain coefficient (G, s) was ~200 cm™, and it
was boosted to ~800 cm™ for the sample with the thinnest
shell (red circles in Figure 40c). The observed increase in
Ginat,1s Was consistent with the expected 4.6-fold increase in the
QD packing density.

The conducted measurements also revealed a similar trend
for 1P optical gain (Gmat’lp; green squares in Figure 40c). For
Hegzase = 2 nm, Gy, p reached a very high value of ~890 cm™
(Figure 40c). Importantly, all studied samples, including those
with the thinnest graded layer, showed strong suppression of
Auger recombination comparable to that of the original cg-
QDs*”¢! (Figure 40c). Further in this review, the cg-QDs with
Hegzase < 3 nm will be referred to as compact cg-QDs or ccg-
QDs. An example of these structures is depicted in Figure 40a.

6.3.2. Optically Excited ASE and Lasing in Fully
Stacked High-j LEDs. By combining optical gain/loss
optimization strategies discussed earlier in this review, the
authors of refs 17 and 62 demonstrated devices that performed
as high-j LEDs and simultaneously exhibited ASE and lasing
under pulsed optical excitation. These devices had several
distinctions from both standard “inverted” LEDs***® as well as
advanced ultrahigh-j devices.'® In particular, the developed
device stack comprised a low-optical-loss L-ITO electrode that
was immediately followed by a ccg-QD active layer without an
intermediate ZnO ETL (Figure 41). A further distinction
concerned a hole-inject part that featured an HTL made of
2,2/,7,7'-tetrakis[ N-naphthalenyl(phenyl)-amino]-9,9-spirobi-
fluorene (Spiro-2NPB) followed by a HAT-CN HIL. The all-
organic Spiro-2NPB/HAT-CN combination replaced a more
traditional TCTA/MoO, combination,m which allowed for
considerable reduction of optical losses.

A device stack reported in refs 17 and 62 is depicted in
Figure 41 along with cross-sectional distributions of the TE
optical mode intensity (black line) and the optical-loss
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Figure 41. A device architecture that features reduced optical losses.
It has the following structure: glass/L-ITO (250 nm)/ccg-QDs (95
nm)/Spiro-2NPB (50 nm)/HAT-CN (10 nm)/Ag (100 nm). A
COMSOL-based photonic simulation of the spatial distribution of the
intensity of the TE, mode and the loss coefficient are shown by the
black and red lines, respectively. The striped image to the right
illustrates a propagation pattern of the TE, mode. Reproduced with
permission from ref 62 (CC-BY 4.0).

coefficient (red line). Due to the use of low-index L-ITO
and the removal of the ZnO ETL, the optical mode exhibited
improved confinement within the ccg-QD layer, which led to a
high I'yc of ~40% (Figure 41, right). Further, the device also
exhibited reduced optical losses with aj.. of ~143 cm™". Based
on the measured material gain of 750 cm™ and the calculated
[ye the expected modal gain (300 cm™) was higher than ay,
suggesting the feasibility of laser action in these devices.
Indeed, the developed devices showed strong 1S and 1P
ASE under short-pulse optical excitation when they were
cooled down to the liquid-nitrogen (LN) temperature (Figure
42). Further, when the devices were supplemented by the
second order DFB cavity engraved into the L-ITO layer
(Figure 43a), they showed lasing with a narrow line width of
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Figure 42. Optically excited two-band 1S and 1P ASE (right) realized
using a fully stacked LED with a low-optical-loss architecture (left).
The device is cooled down to the LN temperature and excited using

343 nm, 190 fs laser pulses. Reproduced with permission from ref 62
(CC-BY 4.0).

<1 nm (Figure 43b)."” Both ASE and lasing were quenched at
room temperature, probably due to thermally activated
electron—phonon scattering in the silver electrode leading to
increased optical losses.”*’

The devices presented in refs 17 and 62 also exhibited strong
EL performance as high-j LEDs. At the LN temperature, their
current density reached 360 A cm™? before device breakdown.
Based on the quantitative analysis of the measured EL
spectra,'® the average per-dot excitonic occupancy reached
~4. This was well above the 1S optical gain threshold and just
slightly lower than the nominal 1P gain threshold.

Despite achieving population inversion with electrical
pumping, the devices of refs 17 and 62 did not show either
ASE or lasing under electrical excitation. The EL spectra of the
DFB-cavity-based device measured at the LN temperature
exhibited a pronounced stopband typical of the second-order
DFB grating (Figure 43c). Furthermore, the stopband edge
mode showed a superlinear intensity growth with increasing
current density (Figure 43d). However, this growth did not
result in the development of narrow features typical of lasing.
Instead, above j of ~160 A cm™?, the EL spectrum broadened
and red-shifted indicating strong device overheating. The
resulting increase in optical losses likely prevented the
development of laser action. Nevertheless, the results of ref
62 were very encouraging proving the feasibility of high-j
devices wherein optical gain overwhelms optical losses, the
condition necessary for realizing a laser diode.

6.4. Electrically Driven ASE from Colloidal Nanocrystals

6.4.1. A Bragg Reflection Waveguide for Improved
Light Amplification. Recent studies described in ref 63
achieved electrically driven ASE using room-temperature
nanocrystal-based EL devices. A key feature of these prototype
“mirror-less” laser diodes is an integrated Bragg reflection
waveguide (BRW) formed by a bottom distributed Bragg
reflector (DBR) and a top silver (Ag) electrode. The BRW
approach improves optical field confinement in the nano-
crystal-based active medium and simultaneously reduces mode
damping in electrically conductive layers. The use of the BRW
also facilitates the buildup of ASE due to the increased optical
gain path length and improved light trapping within the gain
medium. Below, we discuss the distinctions of the BRW
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Figure 43. (a) An LED-like device stack with the 2nd-order DFB
grating integrated into the bottom L-ITO electrode (top) and the
measurements of its photonic-band structure using a Fourier-plane
spectroscopy (bottom). The observed X-shaped pattern is typical of
2nd-order DFB resonators. Lasing manifests as bright spots at the
shorter-wavelength edge of the photonic stopband. (b) The pump-
fluence-dependent surface-emitted PL spectra of the DFB device from
panel (a) exhibit the emergence of a sharp line due to DFB lasing.
These data were collected at the LN temperature using excitation with
343 nm, 190 fs pulses. (c) Surface emitted EL spectra of the DFB-
cavity based device measured at the LN temperature. When j is
increased from 79 to 159 A cm™?, the shorter-wavelength EL feature
(EL,), shifted away from the stopband of the DFB-structure, grows
linearly, while the emission at the edge of the stopband (EL,) exhibits
superlinear growth. This might be indicative of the onset of ASE.
However, further increase in j leads to broadening and a redshift of
the EL spectrum due to strong device overheating, which likely
suppresses the development of laser action. (d) The EL, intensity
(Ig1,) shows a superlinear growth with increasing j (I, o j*¢), while
the growth of the EL, feature (Iy ;) is nearly linear (Iy, o j"%).
These behaviors might suggest the development of ASE due to the
stopband-edge mode. Adapted with permission from ref 17 (CC-BY
4.0).

devices from standard waveguiding structures based on total
internal reflection (TIR).

The simplest form of a planar waveguide is a dielectric stack
wherein a higher refractive index slab is sandwiched between
lower-index cladding layers (Figure 44a). In this structure, light
is trapped due to a TIR effect, which captures optical rays
whose angle of incidence onto the slab surface satisfies
condition @ > 6, where 0, is the critical TIR angle defined by
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Figure 44. (a) A schematic illustration of light propagation in a

waveguide comprising glass/L-ITO/ccg-QDs/HTL/HIL/Ag. The
structure of this waveguide is similar to that of a standard LED.
Low-loss light propagation occurs in the TIR regime, which is
supported for optical modes whose modal angle satisfies the condition
6., > 6. The critical TIR angle 6, is controlled by the refractive index
contrast at the L-ITO/glass interface (sin 6, = Mylass/ f1ro). The
intensity profile of the TIR mode is highlighted by red shading. (b) A
schematic depiction of the BRW device whose structure is similar to
that of the device in panel "a" except for the underlying substrate,
which is not a glass slab but a DBR stack made of 10 Nb,O;/SiO,
bilayers. In the BRW device, the modal angle (6,, = Oggy) is defined
by the condition of constructive interference of reflections occurring
within the DBR stack. As a result, the optical field profile (highlighted
by red shading) exhibits an oscillatory pattern linked to the periodic
structure of the DBR. Reproduced with permission from ref 63 (CC-
BY 4.0).

n
6. = arcsin —clad

Mg (14)

where n,, is the refractive index of the waveguiding slab and

N4aq 1S the greater of the indices of the two cladding layers. The
TIR waveguide allows for low loss propagation of optical fields
with modal angles (6,,) that satisfy the condition 6. < 6, <
90°.

In a BRW approach, a waveguiding slab is flanked with two
reflectors, and at least one of them is a DBR (Figure
44b).2%%?%7 A resulting structure can be thought of as a plane
defect in a 1D photonic crystal. In addition to ordinary TIR
modes, the BRW supports low loss propagating modes located
within the DBR photonic stopband.”*® They develop as a
result of interference of multiple reflections that occur within
the DBR stack (Figure 44b).

In the case of light amplification, BRWs offer several
advantages over the TIR waveguides including improved mode
confinement in an optical gain layer, reduced optical losses,
and the enhanced amplification length.”***° The latter occurs
due to the increased modal angle (Opgy), which can be
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considerably sharper than the critical TIR angle. @y can be
found from

Mot

Oppw = arcsin|

ﬂwg

(15)

where n. is the effective refractive index of the BRW mode,
which is typically lower than n,, and can be even less than
1.7%62892%0 This makes the BRW structures ideally suited for
guidin§ light in low-index materials including gaseous
media.””"

6.4.2. ASE-Type LEDs with an Integrated BRW. In ref
63, the BRW was implemented by inserting a DBR comprising
10 Nb,Os/SiO, bilayers underneath an ITO contact (Figure
45a, left). The role of the opposite reflector was played by a
top Ag contact. The devices employed ~3 monolayers of ccg-
QDs as an optical gain layer. The hole-injection part was
similar to that discussed in Section 6.3.2 and, in particular, it
employed a low-optical-loss TFB/HAT-CN combination as an
HTL/HIL (“TFB” stands for poly[(9,9-dioctylfluorenyl-2,7-
diyl)—alt(4,4’—(N—(4—butylphenyl)))]).63 The electron-injection
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Figure 45. (a) A nanocrystal ASE-type LED that features a BRW
formed by an underlying DBR (made of 10 Nb,0O,/SiO, bilayers) and
a top silver electrode (top left). The charge injection architecture
(bottom left) features 2D current focusing achieved by combining a
narrow slit in a LiF interlayer and an orthogonal strip-like top contact.
The device employs a TFB/HAT-CN combination as an HTL/HIL
and a ZnO ETL. The active layer is made of 3 monolayers of CdSe/
Cd,_,Zn,Se/ZnSey S, s/ZnS ccg-QDs (Figure 40a). As depicted in
the photograph on the right, the device exhibits bright edge emission
clearly visible in daylight. (b) The instantaneous power of edge
emission (left axis) and the estimated light intensity (right axis) of the
BRW device as a function of j. At the highest j, the emitted power
reaches 0.17 mW, which corresponds to the light intensity of 1.9 kW
cm™2 Reproduced with permission from ref 63 (CC-BY 4.0).
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Figure 46. (a) Current-density-dependent spectra of edge-emitted EL of the BRW device (Figure 45a) exhibit the transition from broad-band
spontaneous emission (green line) to ASE (blue, red, and black lines), which manifests as two sharp peaks at the positions of the 1S and 1P
transitions. (b) Intensities of the 1S spontaneous emission (black) and ASE (red) EL bands as a function of current density (top) and the
dependence of the 1S emission FWHM on j (bottom). These data indicate the ASE threshold of 13 A cm™, after which the ASE peak shows
accelerated growth accompanied by line narrowing. (c) Polarization characteristics of edge-emitted EL of the BRW device measured at j = 650 A
m 2. The broader spontaneous-emission band at 1.98 eV does not exhibit preferred polarization. In contrast, the narrower 1S (1.93 eV) and 1P
(2.11 eV) peaks are TE polarized. This type of polarization is expected for ASE as its development requires low-loss light propagation in a
waveguided which is not possible for strongly damped TM modes. Indeed, neither of the sharp peaks is present in the TM polarized EL spectrum.

Reproduced with permission from ref 63 (CC-BY 4.0).

part comprised an ITO electrode followed by a ZnO ETL.
Without an underlying DBR, the use of these high-index
materials would lead to the unwanted shift of the peak of the
optical mode away from the QD layer.””” However, this is a
lesser problem in BRW structures as the optical-field
distribution in a device stack is controlled primarily by the
parameters of the underlying DBR.

Photonic modeling of these devices indicates that a major
peak in the cross-sectional profile of the BRW mode is
centered within the optical gain layer (Figure 44b), which
leads to a high I'yc of 23%. %% Given that the 1S material gain
of the ccg-QDs is 780 cm™' (Figure 40b), the modal gain is
~180 cm™'. Importantly, the developed structure also exhibits
a very low optical-loss coefficient of ~16 cm™, so it is expected
to produce a high net optical gain of ~164 cm™". This makes it
a promising candidate for realizing electrically excited laser
action.

To achieve high current densities required for optical gain,
the BRW structures of ref 63 employed 2D current focusing
(30 gm X 300 pm) realized using a narrow slit in a dielectric
LiF interlayer in combination with an orthogonal strip-shaped
Ag electrode. The edge-emitting area was defined by the width
of the current-focusing slit (30 ym) and the overall device
thickness (300 nm). The device was excited using 1 s
electrical pulses with a pulse-to-pulse period of 1 ms.

Despite a very small size of the emitting spot and a small
duty cycle of 0.1%, the device produced bright edge emission
visible in daylight (Figure 45a, right). The instantaneous power
reached 170 yW at j = 1933 A cm™? (Figure 45b). The high
intensity of edge emitted light provided a strong indication that
the device operated in the regime that was distinct from that of
standard LEDs that are not edge- but surface-emitting
structures. The reason for this distinction was the realization
of ASE that led to the buildup of optical modes propagating
along the ccg-QD gain medium and emitted from device edges.

Strong evidence for ASE was provided by j-dependent EL
spectra (Figure 46a). At low current densities, the device
radiated weak spontaneous emission at 1.98 eV with a large
line width of 82 meV (defined as a full width at half-maximum,
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FWHM). When j exceeded 13 A cm™?, two narrow peaks
(FWHM of ~40 meV) emerged in the EL spectra. Their
spectral positions (1.93 and 2.11 eV) were consistent with
those of the 1S and 1P ASE features observed for optically
excited ccg-QD films. Further, their j-dependent intensity
revealed a distinctive superlinear growth above threshold
current density jg asg = 13 A cm™ (Figure 46b, top), which
was accompanied by the narrowing of the band-edge EL
feature (Figure 46b, bottom). All of these observations pointed
toward ASE character of radiated light.

The ASE regime was also indicated by polarization
characteristics of edge-emitted light. Both 1S and 1P ASE
peaks were TE-polarized while the spontaneous emission band
did not exhibit preferred polarization (Figure 46c).”’ This
difference in polarization behaviors is an anticipated effect of
ASE which develops as a result of light propagation in the gain
medium. Due to strong quenching of the propagating TM
modes by the metal electrode (Section 6.2.2, Figure 38), the
process of amplification preferentially develops for the TE
modes.

Based on the characterization of multiple devices, the
average ASE threshold was ~30 A cm™> and the standard
deviation was ~509%.% Large variability in jy, oszg Was ascribed
to high sensitivity of the ASE threshold to device-to-device
variations in propagation losses and a varied degree of charging
of an active QD layer. In particular, as discussed in ref 63,
lower values of jg, s may arise due to a higher degree of QD
charging with extra electrons which commonly occurs in LEDs
with a ZnO ETL.

The studies of ref 63 yielded a long-desired demonstration
of ASE with electrically excited colloidal nanocrystals.
Importantly, an entire device stack was assembled on an
inexpensive commercial DBR/ITO substrate using spin
coating procedures supplemented by standard thermal
evaporation, and none of the fabrication step required a
clean-room environment. The demonstrated ASE devices are
of immediate practical utility in, for example, displays, lighting,
metrology, and sensing as sources of intense, broadband fairly
directional light with considerable spatial coherence.”® They
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can also be explored as a platform for implementing on-chip
optical amplifiers and ASE light sources that can be readily
integrated with electronic and photonic circuits via standard
solution-based processing techniques.

The next milestone in the area of nanocrystal-based
electrically pumped light amplification devices is the realization
of a laser oscillator or a “true” laser diode. This can be
accomplished by, for example, supplementing an architecture
of ASE devices of ref 63 with an optical resonator for
circulating light through an optical gain medium. One
challenge in this task is that the resonator should be
implemented in such a way as to not interfere with charge
injection pathways. Furthermore, it must be designed so as a
circulating optical field does not experience considerable losses
in the presence of charge conducting layers needed for EL
operation.

As demonstrated previously, the above conditions can be
satisfied with a planar DFB resonator."”'”***”* In particular,
the DFB cavity can be readily incorporated into an EL device
by simply patterning one of the existing layers of the device
stack. Further, the cavity resonance can be easily tuned by
varying the grating period without modifying a device cross-
sectional structure, and thus without a considerable effect on
charge injection. In addition, a DFB cavity can produce high
“single-pass” gain even with a thin optical-gain medium (as
required for efficient charge injection) as light amplification
occurs in a lateral direction, and hence the corresponding
propagation length is not limited by the thickness of an active
layer. The lateral character of light circulation in the DFB
cavity also reduces interference from adjacent charge transport
layers and thereby helps reduce optical losses.

Due to these reasons, DFB resonators have been widely used
in research into electrically pumped lasers based on organic
materials””*® and, recently, have been also successfully applied
in devices based on colloidal nanocrystals."”*”* Future efforts
on the realization of DFB-type nanocrystal laser diodes can, in
principle, take advantage of a BRW architecture demonstrated
in ref 63. In particular, by using a BRW in a DFB device one
can achieve accurate control of a cross-sectional optical-field
profile and enhance a mode confinement factor for a
nanocrystal layer and simultaneously reduce field intensity in
optically lossy charge conducting layers. This would increase
the net optical gain coeflicient and as a result would simplify
the realization of laser action.

7. SUMMARY AND OUTLOOK

It has been 30 years since the first demonstration of the lasing
effect with semiconductor nanocrystals embedded in glass
matrices””—the samples akin to standard colored glass filters.
This demonstration opened the door for new lasing
technologies based on 0D materials whose benefits as optical
gain media were previously established by theoretical
works.””*”* Following this discovery, it took three years to
realize lasing with a different class of 0D systems—epitaxial
quantum Q_Ds grown via vacuum-based layer-by-layer
deposition.”” Presently, epitaxial QD lasers are mature devices
that demonstrate extra-low lasing thresholds** and unprece-
dented temperature stability.””*

The progress in the area of chemically synthesized
nanocrystals, or colloidal QDs, was slowed by unexpected
hindrance arising from nonradiative Auger recombination.*”'**
This effect has a minor influence in bulk wide-gap semi-
conductors because of the band gap-dependent thermal
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activation factor, which scales as eXp(—aEg/ ksT);”* here a is
a band-structure-dependent constant. However, due to
relaxation of momentum conservation, this factor does not
influence Auger rates in ultrasmall 0D nanocrystals.””> As a
result, Auger decay becomes a dominant recombination
channel for multicarrier states (e.g., biexcitons) leading to
very fast optical gain relaxation.

The impact of Auger effects on optical gain in nanocrystals
became understood only in the late-1990s to 2000s.””"*
Shortly after that, ASE was demonstrated using dense solid-
state QD films pumped by short femtosecond pulses, which
were the measires required to overcome fast Auger relaxation
of optical gain.”” These breakthrough experiments instigated a
flurry of subsequent studies. These works have produced a
tremendous amount of exciting science, however, without
considerable success on the front of technologically viable
applications. As in the early days of nanocrystal lasing research,
the primary hindrance was very fast optical gain relaxation due
to Auger decay.”* This greatly complicates the realization of
optically pumped cw lasers and electrically pumped laser
diodes, which are the devices of primary interest from the
technological standpoint.

Several recent advances have boosted the potential of
colloidal nanocrystals as practically applicable optical gain
media. Many of them have stemmed from the development of
QDs with suppressed Auger recombination such as thick-shell

“giant” CdSe/CdS QDs****° and compositionally graded
nanostructures such as CdSe/Cd,_,Zn,Se QDs.””°" Their use
has enabled several important breakthroughs including the
demonstration of cw nanocrystal lasers,” the realization of
optical gain with electrical pumping,”” and the development of
proof-of-principle electrlcally driven ASE light sources based
on colloidal nanocrystals.®®

Several future developments can be envisioned for this area.
One could be the achievement of optically excited lasing with
incoherent pump sources such as commercial high-power
LEDs. In the area of laser diodes, the next important step
would be the demonstration of laser oscillators in devices
supplemented by an optical cavity following, for example, the
recipes of refs 62 and 272. When realized, such devices will be
of great utility in integrated microelectronics and photonics®’
and, in particular, they will allow for implementation of lasers
and amplifies assembled directly on a silicon chip.”’**?7 3%

As previously, colloidal nanocrystals continue to serve as a
highly versatile testbed for trying novel optical gain and lasing
concepts. Very promising are the ideas of charged-exciton gain
first introduced in ref 118 and utilized most recently to
demonstrate the viability of zero- threshold optical gain''” and
low-threshold subsingle-exciton lasing.’" The newest develop-
ment in this area is the realization of IR-emitting nanocrystal
lasers based on n-doped PbS QDs.'*****

Interesting opportunities are associated with a recently
discovered Auger-assisted optical gain that relies on the
process of stimulated emission accompanied by Auger-type
intraband re-excitation of a colocated carrier. This process
allows one to generate broad-band gain in the absorption-free
sub-bandgap region, which can be explored in the context of
low-noise amplification of weak signals. This gain mechanism
can also enable multicolor lasing by exploiting it together with
traditional optical gain processes due to inversion of band-edge
and higher-lying QD transitions.

This overview of recent progress in nanocrystal lasing
reaffirms great potential of these highly versatile materials in
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future lasing technologies. Their role can be especially
significant in areas that would benefit from the ease of their
manipulation via solution-based methods without constrains
existing in the case of traditional epitaxial materials. These
include the areas of integrated photonics and electronics, fiber
optics, optical interconnects, wearable devices, and many
others.
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