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Abstract | Semiconductor nanocrystals represent a promising class of solution-processable
optical-gain media that can be manipulated via inexpensive, easily scalable colloidal techniques.
Due to their extremely small sizes (typically <10 nm), their properties can be directly controlled
via effects of quantum confinement; therefore, they are often termed colloidal quantum dots
(CQDs). In addition to size-tunable emission wavelengths, CQDs offer other benefits for lasing
applications, including low optical-gain thresholds and high temperature stability of lasing
characteristics. Recent progress in understanding and practical control of processes impeding
light amplification in CQDs has resulted in several breakthroughs, including the demonstration
of optically pumped continuous-wave lasing, the realization of optical gain with direct current
electrical injection and the development of dual-function electroluminescent devices that also
operate as optically pumped lasers. The purpose of this Review is to assess the status of the field
of CQD lasing and discuss the existing challenges and opportunities. A particular focus is on
approaches for suppressing nonradiative Auger recombination, novel optical-gain concepts
enabled by strong exciton—exciton interactions and controlled CQD charging, effects of nano-
crystal form factors on light amplification and practical architectures for realizing electrically
pumped CQD lasers. This overview suggests that the accumulated knowledge, along with the
approaches developed for manipulating the optical-gain properties of colloidal nanostructures,
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perfectly position the CQD field for successfully addressing a long-standing challenge:

the realization of CQD-based laser diodes.

Existing semiconductor lasers, or laser diodes, are based
on one or multiple ultra-thin semiconductor layers, or
quantum wells, incorporated into a light-emitting-diode
(LED)-like structure for charge injection. Despite
the tremendous success of lasers based on epitaxially
grown semiconductors, there are certain technologies
that could benefit from the availability of lasers based
on solution-processable materials. These include inte-
grated photonic circuits'~, optical interconnects®”’, lab-
on-a-chip platforms®’, wearable'’""> and advanced
medical*"'° devices, clandestine markers'® and many
others. A promising class of solution-processable gain
media is semiconductor nanocrystals prepared via
inexpensive, easily scalable colloidal techniques'’'.
Owing to their extremely small sizes (a few nanometres
across), these structures allow one to access the regime
of quantum confinement, in which the properties of a
material become directly dependent on its size. Typically,
this regime is realized when at least one dimension of
a nanostructure is comparable to or smaller than an
exciton Bohr radius of its parental bulk solid. When this
condition is satisfied for all three dimensions, the result-
ing material represents a 0D nanostructure, a quantum
dot (QD).

Early studies of nanocrystals utilized samples pre-
pared by high-temperature precipitation in molten
glasses”**. Eventually, the focus of nanocrystal research
shifted to semiconductor particles fabricated via col-
loidal chemical methods that allow for atomic-level
control of nanostructure dimensions, shape and inter-
nal structure'”***’. Colloidal nanocrystals can exhibit
a variety of morphologies, from nanospheres-** and
nanocubes®* to elongated nanorods®-*>*, flat nano-
platelets (NPLs)*~* and branched tetrapods*-*. If all
their dimensions are quantum confined, such structures
can be treated as a 0D material; therefore, here, they
are referred to as colloidal QDs (CQDs), independent
of their shape. By contrast, long nanorods exhibit prop-
erties typical of 1D structures, whereas large-area, thin
NPLs behave as 2D quantum wells. In such cases, we
explicitly indicate the morphology of the structure under
discussion.

Recently, there has been considerable progress in
the manipulation of the optical-gain properties of
CQDs using, for example, photochemical charging
for suppressing ground-state absorption*>** and com-
positional grading for impeding nonradiative Auger
decay*~*". These advances have allowed for several
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breakthroughs in CQD lasing, including the devel-
opment of optically pumped continuous-wave (cw)
lasers*, the realization of optical gain with direct cur-
rent (d.c.) electrical injection®, the demonstration of
low-threshold, sub-single-exciton lasing* and the prac-
tical implementation of dual-function devices operat-
ing as both a standard LED and an optically pumped
laser”. These exciting developments suggest that the
long-standing objective of CQD research, which is
the realization of electrically pumped lasing devices,
is within close reach.

The optical gain and lasing properties of CQDs have
been previously discussed as part of dedicated reviews
on this subject’*?, as well as broader overviews of colloi-
dal nanostructures'®**. The purpose of this Review is
to update the reader on the most recent advances in the
CQD lasing field, with a focus on distinctive features of
the optical-gain regime specific to CQDs, the methods
for controlling processes impeding light amplification,
novel lasing concepts implemented with colloidal nano-
materials and device aspects of optically and electrically
pumped CQD lasers.

Quantum dots as lasing materials

Implications of 0D confinement for lasing. A general
feature of QDs is a size-tunable band gap, Eg (FIG. 1a).
For spherical particles with radius R, the quantum-
confinement-induced shift of the band gap, AE_ ;=
E,—E, 10 is approximately proportional to 1/R* (REFS*>*);
here, E,,;, is the band gap of the bulk material. The vari-
ation in E, achievable through the quantum size effect is
especially large for colloidal nanocrystals, whose mean
radius can be in the range 1-10 nm. The size-dependent
band gap allows one to readily tune the emission wave-
length by simply changing the size of the particle, which
has been exploited in CQD-based commercial displays
and televisions.

Facile colour tunability of CQD emission is also
attractive for lasing applications, as it could help fill the
gaps in the colour space not accessible with existing
semiconductor laser diodes. For example, using II-VI
CQDs, it is possible to realize the regime of light ampli-
fication across the entire visible wavelength range. This
capability is illustrated by the example in FIG. 1 b, which
shows multicolour amplified spontaneous emission
(ASE) from CdSe-based CQDs, tunable from 690 nm
(red) to 520 nm (green)*’.

In addition to the size-dependent band gap, a distinc-
tive property of 0D materials is their atomic-like, discrete
energy levels. As was originally pointed out in REF.*, this
feature is beneficial to lasing applications, because a wide
separation between electronic states inhibits thermal
depopulation of the band-edge electron and hole levels
(FIC. 1a) and, thereby, reduces the lasing threshold com-
pared with bulk materials and nanostructures of higher
dimensionality. This property of QDs is illustrated by
calculations of threshold current densities (j, FIG. 1¢)
conducted for four different materials morphologies
(box, wire, film and bulk) that correspond, respectively,
to 0D, 1D, 2D and 3D structures™.

The discrete character of QD electronic states also
improves the temperature stability of lasing devices™.

REVIEWS

This property is illustrated by the dependence of the
optical-gain threshold on temperature for spherical QDs
with radii between 1 and 20nm (FIG. 1d). The optical-gain
threshold is defined in terms of an average per-dot num-
ber of electron-hole (e-h) pairs (excitons), (N), calcu-
lated from the standard condition, ¢, + ¢, =0 (REF®),
where ¢, and ¢, are, respectively, electron and hole
quasi-Fermi potentials (referenced versus the respective
band-edge states) computed using a single-band effec-
tive mass approximation®. At low temperature (7T<5K),
for all QD sizes, the gain threshold, (N_,), is near the
ideal value of 1 exciton per dot* ({N,,,) = 1). However,
the gain threshold sharply grows as the temperature
passes the critical value T;, defined as the temperature
at which (N,,,,) =2. Importantly, T, rapidly increases
with decreasing QD size (inset of FIC. 1d), indicating
that smaller QDs provide greater temperature stability
for lasing-related properties.

Early research into quantum dot lasing. Prospective
applications of 0D structures in lasing have motivated
substantial research since the early days of QD sci-
ence. The first indications of optical gain and ASE in
QDs were revealed by picosecond transient absorption
studies of glass-embedded CdSe nanocrystals*. These
observations were followed by the demonstration of a
true lasing action using CdSe QD/glass samples incorpo-
rated into a Fabry-Pérot cavity, reported in 1991 (REF>)
(FIC. 1¢). Three years later, lasing was realized with self-
assembled III-V epitaxial QDs using optical and then
electrical pumping®>®. Follow-up developments resulted
in impressive advances in the performance of epitaxial
QD lasers and enabled the demonstration of record
low lasing thresholds®* and unprecedented temperature
stability up to T=493K (220 °C) (REF*).

The early studies of QD lasing using glass-based and
epitaxially grown samples employed fairly large struc-
tures (~10nm or bigger) that were not strongly affected
by nonradiative multiexciton Auger recombination.
The role of this process is greatly enhanced in small
colloidal particles®, which delayed the demonstration
of lasing with CQDs. It took several years to uncover
the connection between optical gain and multiexcitonic
species and understand the resulting complications
arising from nonradiative Auger decay**°. Only after
that, in 2000, colour-tunable ASE was realized with size-
controlled CdSe CQDs, including ultra-small particles
(R=1.3 nm) with AE__~700meV, ~40% of the bulk
CdSe band gap®'.

conf

Principles of CQD lasing

Optical-gain threshold. Key features of light amplifica-
tion in strongly confined CQDs can be understood by
approximating the lowest-energy emitting transition
by a simple two-level system that contains two elec-
trons of opposite spins in its valence band (VB) state
(FIC. 24, left). If one electron is promoted into the con-
duction band (CB), this generates a single e-h pair, an
exciton. Such a state can emit light; however, it does not
amplify incident photons, as the probability of stim-
ulated emission by the CB electron is equal to that of
photon absorption by the electron remaining in the VB.
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Fig. 1| Quantum dot lasing: from the theoretical concept to the practical demonstration. a| Unlike bulk
semiconductors, which have continuous conduction and valence energy bands, semiconductor quantum dots (QDs)
feature discrete atomic-like states with energies that are determined by the QD radius R. This leads to a size-dependent

bandgap E =E,,, +AE

conf?

where E_, , is the bulk band gap and AE_, is a confinement energy that scales approximately

as 1/R%. The three lowest energy levels, labelled as 1S, 1P and 1D, correspond to states with angular momenta 0, 1 and 2,
respectively. The double-sided red arrow schematically represents the thermal energy k, T, where k; is the Boltzmann
constant and T the temperature. In a bulk solid, many states reside within the k, T interval, whereas in the QDs, k, T is smaller
than the inter-state spacing, which inhibits thermal depopulation of the band-edge 1S levels. b | The room-temperature
amplified spontaneous emission (ASE) of colloidal CdSe-based nanostructures with varied sizes, shapes and internal
structure shows spectral tunability from red to green®’. The coloured traces show ASE spectra of CdSe colloidal QDs
(CQDs) and nanorods, as well as ZnSe/CdSe core-shell nanostructures. These data were collected using 3.1-eV, 100-fs
pulsed excitations. Due to thermal spreading of the electron and hole populations over the continuous band-edge states,
bulk CdSe does not exhibit ASE under these excitation conditions (black line). ¢ | Maximal optical gain versus injection
current density calculated for GaAs-based 0D boxes (that is, QDs), 1D wires, 2D films (that is, quantum wells) and a bulk
GaAs solid*. The lasing thresholds (j,,, marked by dashed lines) progressively decrease as the dimensionality is reduced

from 3D (bulk) to 2D, 1D and, finally, 0D. d | Calculated optical-gain threshold, (N,

), as a function of temperature for QDs

gain

with radii R from 1 to 20 nm. The inset shows the size dependence of the critical temperature T, (defined as the temperature

atwhich (N

gain

y=2).e| The first demonstration of QD lasing, performed using glass-embedded CdSe nanocrystals (~4-nm

radius)”. When the sample, prepared as a Fabry—Pérot cavity, was excited with intense 20-ps, 2.33-eV pulses, it showed
distinct signatures of lasing at T=80K, in particular, a sharp growth of the emission intensity with a clear threshold
behaviour (inset). Spectra 1-4 were collected using pump pulses with energies of 0.5, 3, 5 and 100w, respectively. Based

on spectrum 3, which was recorded immediately above the lasing threshold, the energy of photons emitted in the lasing
regime (~1.94 eV) was higher than the bulk CdSe band gap (E_,,,, = 1.83 eV at 80K) by 110meV, indicating a strong influence
of the 0D confinement. Curve number 1 is multiplied by a factor of 50, curve number 4 by a factor of 1/12. e, electron;

h, hole. Panel b is adapted with permission from REF.*’, ACS. Panel c is reproduced with permission from REF*°, IEEE.

Panel e is reproduced with permission from REF.?*, Springer.

This corresponds to the situation of ‘optical transpar-
ency’ or optical-gain threshold (FIC. 2a, middle). Only
when the second VB electron is also excited to the CB
can the CQD amplify light, implying that the population
inversion, required for the lasing action, is realized only
when at least a fraction of the CQDs in the sample is
excited with two e-h pairs, or biexcitons (FIC. 2a, right).

The above considerations indicate that, in the case
of a twofold degeneracy of electron and hole states

(g.=g,=2), the optical-gain threshold corresponds to
the situation in which the average number of excitons
per dot is 1. As we mentioned earlier, this condition can
be obtained from the analysis of quasi-Fermi potentials.
Indeed, if we assume that an individual CQD in the
ensemble contains no more than 2 excitons, the average
per-dot electron and hole occupancies ((N,) and (N,),
respectively) can be related to ¢, and ¢, by (N,,)=g.,/
[exp(¢./k,T) + 1], where k, is the Boltzmann constant
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and T the temperature. In the case of charge-neutral dots
((N,)=(N,)=(N)), this expression leads to the follow-
ing condition for the gain threshold: ¢+ ¢, =k, TIn[(g,/

(Ngin) = D@1/ Ngin) = D] =0 01 (Nyyi0) = &8/ (8. + &1)-
If g = g, =2, we obtain ( ga\m) 1.
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II-VI CQDs, the VB levels are derived from the light
and heavy hole states. If the splitting between these states
(4,,) is much smaller than k,T, the hole-state degener-
acy is 4, which increases ( gam) to 4/3. In the opposite
situation (A, > k,T), which is realized, for example, in

In practically realized CQDs, however, the band-edge  asymmetrically strained CQDs", (N_, ) approaches its

gain
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Fig. 2 | Principles of colloidal quantum dot lasing and manipulation of amplified spontaneous emission/lasing
thresholds via shape control and heterostructuring. a | A simplified optical-gain modelin which a colloidal quantum
dot (CQD) band-edge transition is approximated by a two-level system comprised of twofold-degenerate valence band
(VB) and conduction band (CB) states. In the ground state (left), both electrons residing in the VB state can absorb an
incident photon (red wavy arrow). When one electron is promoted into the CB (single-exciton state), absorption by the
remaining VB electron becomes balanced by stimulated emission produced by the CB electron; this corresponds to

the state of ‘transparency’ or optical-gain threshold. When both electrons are excited into the CB (biexciton state), the
absorption is completely eliminated and the incident photon can only induce stimulated emission; this corresponds to
the regime of optical gain. b | In thick-shell CQD heterostructures, the shell of a wider-gap material serves as a light-harvesting
antenna for the smaller-band-gap emitting core. This can be used to boost the absorption cross-section compared with
core-only particles, while preserving the emission wavelength. Here, the effect of a thick shellis illustrated by comparing
absorption (dashed lines) and emission (solid lines) spectra of core-only CdSe (blue) and ‘giant’ CdSe/CdS CQDs (red);

the core radius is 1.5 nm and the shell thickness is 5.5 nm. The absorption spectra are normalized so as to match the

1S band-edge peak. This representation shows that, owing to the thick shell, the absorption cross-section (,) at 500 nm is
increased by a factor of 27 in the CdSe/CdS CQDs. ¢ | A survey of amplified spontaneous emission (ASE)/lasing thresholds
(Wi,sase) Plotted as a function of nanocrystal volume for spherical CQDs (solid black circles)**~*, hetero-CQDs (concentric
circles, black—grey or coloured) of type | (denoted I)**4**%% type Il (denoted Il)’* and quasi-type Il (denoted g-Il)"7%490:92]
nanorods (open ovals)’?, dot-in-rods (ovals with a dot inside)*’*, nanoplatelets (NPLs, open rectangles)’®, hetero-NPLs
(double rectangles, black or coloured)’*** and cube-shaped perovskite CQDs (p-CQDs, open squares)* . In most
measurements, the samples were excited using short, 400-nm laser pulses. The exception is point 14, which was obtained
using a 480-nm excitation®. Points 4a and 4b are single-exciton and biexciton ASE thresholds, respectively, measured

for type Il CdS/ZnSe CQDs’* (the volume is calculated based on the core size because the ZnSe shell absorption at the
excitation energy is negligible). Points 16a and 16b indicate the lasing thresholds observed for thick-shell ‘giant’ CdSe/CdS
CQDs with an abrupt and a graded interface, respectively”. Points 12a and 12b are CdSe NPLs and CdSe/CdS hetero-
NPLs’®, respectively. Points 22 and 26 correspond to sub-single-exciton ASE** and lasing®, respectively, realized using
negatively charged type | continuously graded CQDs. Point 24 is the ASE threshold measured for charged CsPbBr,
p-CQDs*. This survey shows a systematic volume (V)-dependent trend: the ASE/lasing threshold decreases with increasing
nanocrystal volume. The majority of the data points (shown in black and grey) can be approximately described by the
dependence w5 V-12 (pink line). The ‘outliers’ below the trend line (coloured symbols) correspond to the reduced
thresholds realized owing to either a nonstandard (that is, non-biexcitonic) gain mechanism or a special nanocrystal design
optimized for lasing. Vertical arrows show the extent of reduction of w,, . due to charging or doping. e, electron; h, hole.
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Thus, in the case of II-VI CQDs, the optical-gain
threshold is between 1 and 4/3 excitons per dot, inde-
pendent of the CQD size or shape. However, if the
gain threshold is evaluated in terms of per-pulse pump
fluence (w, pulsed excitation), it can widely vary from
one structure to another, depending on the absorption
cross-section (d,), as w=(N)hv,/c,, where hv, is the pump
photon energy®. Because g, scales directly with the nano-
structure volume®®, one approach to increase it, without
lessening the confinement effects, is to enclose a small
emitting core into a thick shell of a wider-gap material,
which serves as a large light-harvesting antenna coupled
to the quantum-confined emitter (FIC. 2b). This approach
has been practically implemented using, for example,
thick-shell ‘giant” CdSe/CdS CQDs (g-CQDs)”*"" and
compositionally graded CdSe/Cd,Zn,_Se core-shell
structures®.

Reduced optical-gain thresholds were also obtained
with other types of large-volume nanocrystals, such
as nanorods’?, dot-in-rod structures’>’, NPLs”>-*! and
perovskite CQDs (p-CQDs)**. In FIG. 2c, we plot the
ASE and lasing thresholds (w,,, ,s) versus nanocrys-
tal volume (V) for a large collection of nanostructures
reported in the literature (all data are for short-pulse
excitation). This plot indicates that the majority of the
published data (black symbols; spherical CQDs®"#-%,
hetero-CQDs"#7%%-2 nanorods’?, dot-in-rods”>"#,
NPLs” and hetero-NPLs”>"%”) can be described by the
simple power dependence wy, ,s; V"% (pink line).
This suggests that, in most cases, the reduced ASE/lasing
thresholds were obtained through enhancement of
absorption cross-sections. As described in later sections,
a further reduction in w, ,; can be obtained through
advanced control of CQD properties (coloured symbols)
via means such as impeded Auger recombination***>%,
single-exciton gain®*"** and suppressed reabsorption
realized by CQD charging***%.

Size-dependent trends in Auger recombination. As we
showed earlier, optical-gain species in CQDs are biexci-
ton states (FIC. 3, left), which suggests that optical-gain
dynamics are controlled not by single-exciton decay
but by biexciton recombination. Even in the absence
of defect-related nonradiative processes, the presence of
multiple carriers in a CQD opens an intrinsic nonra-
diative pathway involving Auger recombination®>*-"".
In this process, the e-h recombination energy does
not produce a photon but, instead, is transferred to a
third carrier (an electron or a hole), which, as a result,
is excited to a higher-energy state within the same band
(FIG. 33, right). Nonradiative Auger decay directly com-
petes with stimulated emission (FIG. 3a, left); therefore,
understanding the interplay between these two effects is
critical to CQD laser development.

In epitaxial QDs, Auger recombination is slower
than radiative decay and does not represent a signifi-
cant impediment for lasing. In sharp contrast, in stand-
ard (non-engineered) CQDs, the rates of Auger decay
are extremely fast and exceed those of radiative decay by
several orders of magnitude®*. Signatures of very fast
Auger recombination were initially revealed by studies of
glass-embedded nanocrystals”®. Detailed quantitative

insights into the timescales of this process were obtained
from follow-up studies of highly monodisperse,
size-controlled colloidal samples®. In particular, these
studies revealed a linear scaling of Auger lifetimes
with the CQD volume. This trend, often referred to as
V-scaling, is surprisingly general and is observed for
nanocrystals of virtually all studied semiconductors,
including CdSe, InAs, PbSe, PbS, Si and Ge'***'%-1% In
FIG. 3D, it is illustrated by several independent literature
measurements of CdSe CQDs (open dark green sym-
bols), all of which show remarkable consistency with the
V-scaling trend®*'-'%3-1% Based on these observations,
the biexciton Auger lifetime (7, +) can be estimated
from 7, v, =xV, where y is ~1 psnm™ (dark green line).
One known exception is p-CQDs'**'””. While they also
follow a V-scaling trend (open blue symbols), their
Auger lifetimes are more than ten times shorter than
those of other materials and, therefore, y is considerably
smaller (y=0.06 psnm™>, blue line). As discussed later
in this Review, an important component of present-day
CQD lasing research is Auger decay engineering, which
encompasses approaches such as heterostructuring and
compositional grading for extending Auger lifetimes
beyond the values expected for V-scaling”~ (light
green, purple and red symbols).

Very fast rates of Auger decay greatly reduce the
emissivity of biexcitons. The quantum yield (QY) of
biexciton photoluminescence (PL) can be calculated as
Axx = T Toxx = Tasexd (Toxex + Tax)> Where T,y is the radia-
tive biexciton lifetime and Tyy = 7,4 T xx/ (Toxx + Taxx) the
overall biexciton lifetime. To calculate the biexciton radi-
ative lifetime, we apply statistical considerations”»'?"'%,
If we denote the rate of a single spin-allowed CB-VB
transition as y, the total rate of the transition between the
exciton state, |X), and the ground state, |0), is y/2, as only
2 of 4 spin combinations comprising the |X) state are
optically active” (FIC. 3¢). Because both transitions that
couple the biexciton state (|XX})) to the single-exciton
state are optically active, the corresponding rate is 2y.
Hence, the biexciton and the exciton (7,y) radiative
lifetimes are connected by 7,y = 7,,/4, which yields
Gxx=4Txx/ T,x if we assume that single-exciton decay is
purely radiative.

For our quantitative estimations, we use the example
of CdSe CQDs, for which 7., =~20ns (REF'*) and 7,y is
~5ns. Based on V-scaling, for CQDs with R from 1 to
4nm (typical of standard CdSe particles), 7, 1 is between
~4 and ~270 ps. Because 7,y is much longer than 7, .,
the biexciton decay is dominated by Auger recombi-
nation (that is, 74, = 7, vy) and, hence, gy, = 47, /7.«
Based on this expression, the size-dependent biexciton
PL QY is in the range 0.1-5%, indicating that biexcitons
are virtually nonemissive in small CQDs and become
only weakly emissive in large particles. This represents a
serious complication for lasing, as optical gain in CQDs
is due to biexcitons (FIC. 3a).

Optical gain and Auger recombination. A direct con-
nection between CQD gain and biexciton states was
originally revealed in REF.®, which also analysed the
implications of nonradiative Auger recombination for
CQD lasing and, in particular, established that this

386 MAY 2021 | VOLUME 6

www.nature.com/natrevmats



process imposes a strict limit on a minimal (critical)
concentration of CQDs (p=p_,), below which ASE and
lasing are impossible. This limit is defined by the con-
dition that the maximal rate of stimulated emission 7,
achievable for a given p is equal to the optical-decay rate

REVIEWS

due to Auger recombination, that is, 7, =7 yy . 7, can
be found from 7,=Bn/(cG,), where c is the speed of light
in vacuum, n is the refractive index, G, is the maximal
(saturated) gain coefficient (G) realized when each CQD
contains two or more excitons, and 3 is a dimensionless
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Fig. 3 | Auger recombination and colloidal quantum dot lasing.
a| In colloidal quantum dots (CQDs), light amplification occurs owing to
stimulated emission from biexcitons (left). This process competes with
biexciton nonradiative decay via the Auger process (right). During Auger
recombination, the electron-hole recombination energy is transferred to
either an electron or a hole residing in the same dot. b | The dependence
of biexciton Auger lifetimes, 7, ., on particle volume, V, for different types of
colloidal nanocrystals, including CdSe CQDs (dark green squares®™, circles'®,
diamonds'® and triangles pointing left'** and up'®*), thick-shell CdSe/CdS
‘giant’ CQDs (g-CQDs, light green pentagons®” and square®), single-
step-alloyed CdSe/CdSe,;S,/CdS CQDs (purple diamonds*’), continuously
graded (cg) CdSe/Cd Zn,_Se/ZnSe .S, cg-CQDs (red circle* and star*’),
perovskite CQDs (p-CQDs, blue squares'®, circles'”’, up-pointing triangle'®
and diamonds'”’), CdSe nanoplatelets (NPLs, orange square’’ and
circles'®?) and CdSe/CdS NPLs (orange up-pointing triangle’®). The lines are
fits to a linear dependence (1, ., = xV), which yield y= 1 psnm~ for CdSe
CQDs and 0.06 psnm™* for p-CQDs. ¢ | A ‘truncated-energy-spectrum’ model
of optical gainin CQDs”. It considers three states of direct relevance to light
amplification: the ground state, |0), the exciton state, |X), and the biexciton

Power (kW cm™)

state, [XX). Their occupation probabilities are P, P, and Py, respectively. The
rates of absorbing and emitting transitions shown, respectively, by arrows
pointing upwards and downwards, are indicated. y is the rate of a single,
spin-conserving transition.d | Modelling of the continuous-wave (cw) lasing
threshold (/,,,) as a function of the total biexciton lifetime () due to both
radiative and nonradiative Auger decay®. The biexciton radiative decay time
was fixed (t.4,=12.5ns), while the Auger lifetime (t, ) was varied from 40 ps
to oo. The different symbols correspond to different cavity photon lifetimes
(7.). The red star indicates the cw lasing threshold realized in REF.* for
thick-shell CdSe/CdS CQDs with 7,, =600 ps. e | A schematic depiction of a
lasing device'® composed of thick-shell, biaxially strained CdSe/CdS CQDs
coupled to a 2D photonic crystal cavity (top). Normalized surface-emission
intensity as a function of intensity of a cw laser used as a pump source
(2.81-eV photon energy, bottom). A sharp increase in the emitted-light
intensity indicates a transition to lasing, which occurs at ~8 kW cm~2 (REF.*¥).
Inset: the spectra of surface-emitted light recorded as a function of pump
intensity show a narrow lasing line above the lasing threshold. Panelscand d
are adapted with permission from REF.%, ACS. Panel e is reproduced with
permission from REF.*, Springer Nature Limited.
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constant defined by the parameters of a coupled CQD-
optical cavity system®”. Because G, is directly pro-
portional to p (G,=2ypn/c)”, 7, scales inversely with
the CQD concentration: 7,=f3/(2yp). This leads to the
following condition for the critical CQD density:
BI2YPer) = Taxx OF Persi = B (2yT, xx). If we express p.;
in terms of the volume fraction of CQD semiconductor
cores in the gain medium (€_, =p_, V), the critical condi-
tion can be presented as &_, = VB/(2y7, «) or & . =f/(2yy)
if we assume that 7, y, exhibits standard V-scaling.

To estimate &_,, we use 8/(2y) =0.02 psnm™ (REF.)
and y =1 psnm™, which yields &_, = 2%. Although 2% is
a fairly modest amount of active semiconductor mate-
rial, owing to solubility limits, it is not readily accessible
in CQD solutions. This explains the failure of earlier
efforts to obtain CQD lasing using liquid-dye-like laser
configurations and emphasizes the need for a dense
CQD medium for attaining ASE and lasing effects. In
REF.“', the required CQD density was achieved using
close-packed film samples, wherein £ was >15%. By
applying short-pulse excitation (z,=100fs) to minimize
Auger losses during the pumping stage, the authors
of this report were able to demonstrate ASE, which
proved the feasibility of lasing with colloidal nanoma-
terials. Indeed, shortly after, a true lasing action was
realized using CQDs coupled to various types of optical
cavities*>''""'"2, However, Auger recombination continues
to represent a major obstacle for the realization of prac-
tical CQD lasers. Therefore, Auger decay engineering
has been a focus of recent lasing-related research.

Effect of Auger decay on optical-gain thresholds. To quan-
titatively analyse the implications of fast Auger recombi-
nation for CQD lasing, the authors of REF” introduced
a truncated-energy-spectrum model, which includes
three states of direct relevance to light amplification: |0),
|X) and |XX) (FIC. 3c). Because their occupation prob-
abilities are connected by P+ Py + Py =1, the average
‘truncated’ per-dot occupancy, (N*) =P, + 2P, , is auto-
matically limited to 2. To apply this model to experi-
mental measurements, where (N) can be greater than 2,
one can relate model probabilities P, (=0, X, XX) to
actual CQD occupation probabilities, p, (i=0, 1, ... =), by
P,=p,, Py=p,and Py, =%~ _, p,=1-p,—p, (summation is
because, if g, =g, =2, multiexcitons with i>2 contribute
to the band-edge gain in the same way as a biexciton).

Using the above model, the optical-gain coeffi-
cient of a CQD medium can be presented in terms of
the difference of per-dot rates of stimulated emission
(r,=2yPyy +yPy/2) and absorption (r,=2yP,+yP/2,
FIG. 3¢): G=pnc \(r,—1,) = G,(Pyx — P,), where G, is the
saturated gain coefficient realized when P,, =1 (REF™).
In regard to a standard description of a lasing effect,
P, =Py — P, represents the population inversion,
which is defined as the difference in occupancies of the
higher-energy and lower-energy states involved in light
amplification. In CQDs, these two states are |XX) and
|0} (FIC. 3q).

Based on the above model, the gain threshold corre-
sponds to the condition P, =P, — P =0, which yields
(N*_..)=1.1In the case of pulsed excitation, when prob-

gain
68

abilities p, can be described by the Poisson distribution®,

the truncated and true CQD occupancies are connected
by (N*) =2 -e"™M(2+(N)), which yields for the true
gain threshold (N, = 1.15 or w,=1.15hv, /0, in terms
of per-pulse fluence®. So, in the short-pump-pulse case
(T, << T, x)> Auger decay does not directly influence the
optical-gain threshold. As a result, w, is defined primar-
ily by the absorption cross-section. This explains the
general trend of direct scaling of pulsed ASE and lasing
thresholds with the nanostructure volume (FIC. 2¢), as 0,
is directly linked to V. However, even in this case, Auger
recombination is still of crucial importance because, as
discussed earlier, its timescale defines the minimal CQD
density required to attain ASE and lasing.

To analyse the cw pumping case, we assume that a
three-level system (FIG. 3c) is exposed to excitation with
a constant per-dot rate g that induces the upward |0)-|X)
and |X)-|XX) transitions. If we neglect the effects of
stimulated emission (pre-lasing regime), the downward
transitions between the same states occur due to spon-
taneous exciton and biexciton decay with rates 1/7, and
1/74y, respectively. Under the steady-state condition, the
upward and downward flows of excitations balance each
other. Specifically, Py, /7,y =gPy and Py/7, =gP,, which
yields Py, = g7,y 7, P,. When combined with a standard
optical-gain-threshold condition (P, =P,), this leads
t0 g = (TxT) 7 01 I, = (W, [0,) (14, 7) 7" if the cw
gain threshold is presented in terms of a pump intensity,
I=hv gla,.

The derived expressions indicate that, in the case
of cw excitation, the gain threshold becomes explicitly
dependent on exciton and biexciton lifetimes. In the
radiative limit, 7, = 7,/4 and I"*?,, =2(hv,/7,0,). By con-
trast, in the case of fast Auger recombination (7, =7, 1)
P oin=(hv,/0)(7, 7)™ The ratio of the two thresholds
is I I 0 = 0.5(Ty/ Ty o) 2 08 P /T7 = (g0 ™2
This indicates that the effectiveness of cw pumping pro-
gressively diminishes with increased Auger recombina-
tion rate or, correspondingly, with decreased biexciton PL
QY. This greatly complicates achieving the optical-gain
regime in small-size CQD samples with short Auger life-
times. For example, in the case of green-emitting CdSe
CQDs with R of ~1.5nm, 7, v is ~15ps (FIG. 3b) and gy is
~0.3% (for 7, =20 ns (REF'*)). This yields I*, , /I*¢,, = 18.
Thus, due to the influence of intrinsic Auger recombina-
tion, the cw optical-gain threshold is almost 20 times that
of the purely radiative case.

Effect of Auger recombination on lasing thresholds. In
comparison to gain thresholds, fast Auger recombina-
tion has an even stronger effect on cw lasing thresholds,
as, in this case, stimulated emission by biexcitons must
outcompete not only reabsorption by the gain medium
(this defines the gain threshold) but also losses due to
photon escape from the lasing cavity. To evaluate the
effect of Auger decay and cavity losses on the lasing
threshold, a coupled CQD-cavity system was studied”,
wherein the CQD was modelled using the three-level
representation of FIC. 3c. According to the calculations
conducted for the pulse-excitation regime, the popu-
lation inversion required to achieve the lasing threshold
(P10 depends, in general, on both the cavity photon

inv,las

lifetime (7,) and the biexciton Auger lifetime. However,
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in the limit of a lossless cavity (7. — o), P, . is only a
function of 7y,: P, . = (7,/Ty)"?. Correspondingly,
the lasing threshold is (N* ) =1+P, .. =1+ (7,/7)"?
or (N*..) =1+ (7,/T,xx)"? in the case of fast Auger
recombination.

Unlike the gain threshold, which is insensitive to
Auger decay, the lasing threshold in the pulsed-excitation
case depends explicitly on 7, y. This is a direct conse-
quence of the distinct timescales that characterize the
development of optical-gain and lasing regimes.
The state of the CQD-medium transparency (that is,
optical-gain threshold) is reached immediately following
the excitation. Therefore, the rate of Auger decay is irrel-
evant, as long as 7, <7, . By contrast, the development
of lasing is not instantaneous but is characterized by a
non-zero time constant (7)) that scales approximately
inversely with the rate of stimulated emission. For lasing
to occur, 7, must be shorter than 7, 1. Therefore, if 7,
is decreased, the realization of lasing will require higher
stimulated emission rates and, hence, greater P, ...

The influence of Auger recombination is further
enhanced in the case of cw pumping. The cw lasing
threshold (I,,) can be estimated based on the pulsed las-
ing threshold (w,)) from I =w, /7, where T, is the
optical-gain lifetime. In standard CQDs, 7,,, is on
the order of 7, y, therefore, I = w, /T, +. This indicates
that, in the case of cw pumping, the dependence of the
lasing threshold on Auger lifetime is amplified compared
with the pulsed case due to the addition of the 1/7,
scaling factor.

In FIC. 3d, we display the results of a numerical analysis
of I, versus Ty for CdSe CQDs". These calculations indi-
cate that I, rapidly increases with decreasing biexciton
lifetime. In particular, for 7,, <50 ps, typical of medium
and small dots (R<2nm), I is >1 MW cm2, which is well
above the maximal intensities CQDs can withstand with-
out damage'". To reduce I, to levels below 10kW cm,
which are compatible with colloidal nanomaterials*, the
biexciton lifetime must be increased to 500 ps or longer.
This is possible with larger (R>5nm) monocomponent
CQDs or large heterostructures (FIC. 3b).

Long Auger lifetimes of thick-shell g-CdSe/CdS
structures were exploited to realize cw lasing in devices
based on 2D photonic resonators* (FIG. 3¢). The observed
thresholds, I, . =6.4-8.4kW cm™?, were consistent with
the results of calculations presented in FIC. 3d (red star).
This reaffirmed the conclusion of REF” that the pri-
mary factor controlling cw lasing thresholds in CQD
gain media is the biexciton lifetime. While providing
long-awaited proof of feasibility of cw CQD lasers, the
devices presented in REF.* showed limited stability and
failed within 10-30 min, due likely to thermally induced
degradation of the CQD gain medium. This indicates
that a more complete suppression of Auger decay is
required to further lower I,  and, thereby, achieve
long-term stability of CQDs during cw laser operation.

ain

Control of CQD properties for lasing

Manipulation of Auger lifetimes. Recent experimental
studies demonstrate*>¢”'"* that strong suppression of
Auger decay is possible through control of the shape

of the CQD confinement potential. In contrast to size
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control, for which lengthening of Auger lifetimes is
accompanied by an unwanted reduction of the confine-
ment energy, this approach allows for considerable sup-
pression of Auger recombination while still preserving
strong quantum confinement.

As was originally proposed in REF*, by ‘smoothening’
the potential-energy profile, one can reduce the rate of
an intra-band transition involving an energy-accepting
Auger electron (or hole, FIG. 3a, right) and, thereby,
impede Auger recombination. Experimentally, an appre-
ciable effect of the shape of the confinement potential
on Auger decay was first observed for g-CdSe/CdS
CQDs, wherein unintentional alloying of the core-shell
interface led to the formation of a graded CdSe,_S,
interlayer’''>. A more controlled suppression of Auger
recombination was later achieved through intentional
grading of the CQD composition. Initially, the effec-
tiveness of this approach was demonstrated by incor-
porating a thin layer of CdSe, S, ; alloy at the core-shell
interface of g-CdSe/CdS CQDs*"*. Follow-up efforts
explored CdSe/CdS CQDs with discrete multistep
grading of the core-shell interface'* and, more recently,
continuously graded structures (cg-CQDs) implemented
using a CdSe/Cd Zn,_Se system®’ (FIC. 4a).

In particular, using the cg-CQD approach, biexciton
Auger lifetimes were extended to >2ns (7, < was up to
2.41s, red circle in FIC. 3b) and, thereby, the biexciton
emission QY was boosted to ~45%". Importantly, the
cg-CQDs still exhibited a large confinement energy
of >250 meV. For comparison, standard CdSe CQDs
with AE_ =250meV exhibit 7, ( of ~100 ps and gy of
only ~2%.

Manipulation of optical-gain and lasing thresholds by
CQD charging. The availability of CQDs with strongly
suppressed Auger recombination opened up interest-
ing opportunities for exploring novel gain mechanisms
that rely not on neutral but charged excitations, which,
in standard CQDs, would quickly decay via the Auger
process. In particular, by charging (doping) CQDs with
electrons or holes, it is possible to reduce (or to ‘bleach’)
ground-state absorption and, thereby, lower the optical-
gain threshold below the fundamental one-exciton
limit**!¢ (FIC. 4b). In the case of complete bleaching of
the band-edge transition, the condition for optical-gain
threshold (that is, optical transparency) is realized with-
out external excitation, which corresponds to the regime
of ‘zero-threshold’ optical gain*’.

To obtain a quantitative relationship between the
degree of CQD charging and the optical-gain threshold,
we assume that each dot in the ensemble contains #, per-
manent electrons. If such a charged sample is exposed
to steady-state excitation, which generates (N) excitons
per dot, the total average per-dot number of electrons
is (N,) =(N) + n,. In this case, the electron quasi-Fermi
potential can be presented as ¢, =k, TIn[g,/({(N) +n,)—1],
while ¢, remains the same as for charge-neutral CQDs.
Inserting ¢, and ¢, in the standard optical-gain condition
(¢ + ¢, =0), we obtain (N,,;,) =£,(g.— 1.)/(g.+ &)-

The above expression indicates that the effect of per-
manent charges can be interpreted in terms of an effec-
tive reduction of the degeneracy of one of the band-edge
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states (in our case, CB) involved in the lasing transition.
This makes it easier to achieve band-edge optical trans-
parency, which translates into reduced gain threshold.
For example, in the case of singly charged CQDs (n,=1)
with twofold degenerate band-edge states (g. =g, =2),
the gain threshold drops to (N,,)=0.5 (FIC. 4b), imply-
ing that it can be realized by exciting only half of the
CQD ensemble with a single exciton, thus, forming a
charged exciton or a ‘trion’ In the case of two injected
charges, (N,,;,) becomes zero, which corresponds to
zero-threshold optical gain* (FIC. 4D).

Previous research into bulk semiconductor lasers
explored doping as a means for reducing lasing
thresholds''”''*. However, these efforts encountered
serious obstacles due to deleterious effects of fast Auger
recombination. Recent progress in the development of
CQDs with strongly suppressed Auger decay has opened

interesting opportunities for practically exploiting the
ideas of charged-exciton gain with colloidal nanostruc-
tures. Initial indications of the benefits of permanent
charging for CQD optical-gain properties were obtained
using electrochemical experiments with standard CdSe
CQDs'"®. More recent efforts explored manipulation of
optical gain via electrochemical doping of CdSe/CdS/
ZnS heterostructures'”, as well as photochemical doping
of specially engineered hetero-CQDs with either discrete
or continuous alloying*>*.

Studies of charged-exciton lasing" took advantage
of considerable suppression of Auger recombination in
CdSe/Cd,Zn,_Se/ZnSe, .S, s/ZnS cg-CQDs, which was
especially strong for negatively charged excitons that
served as optical-gain-active species. In particular, the
PL QYs of singly (qX,) and doubly (qu,) charged exci-
tons were, respectively, 60% and 33% versus q,_=10%
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Fig. 4 | Auger decay engineering and sub-single-exciton lasing using
charged colloidal quantum dots. a | Radial compositional profile of
a continuously graded colloidal quantum dot (cg-CQD) comprising a
2-nm-radius CdSe core followed by a 7-nm compositionally graded
Cd Zn,_Se shell” (left). Approximate profiles of the resulting conduction
band (CB) and valence band (VB) confinement potentials (right).
b | Optical-gain model for neutral and charged CQDs". In neutral CQDs,
optical gain is due to stimulated emission from biexcitons, which competes
with ground-state |0)-|X) absorption. The average number of excitons per
dot needed to attain optical-gain threshold is (N, ;)= 1:in this state, the two
processes balance each other. In singly negatively charged CQDs, the
absorbing transition from the charged exciton [X-) (trion) to the charged
biexciton [XX") is blocked, as the band-edge CB state is already occupied
with two electrons. Therefore, gain is possible due to stimulated emission
from trions that competes with partially suppressed ground-state
absorption. In this case, the gain-threshold condition corresponds to the
situation in which half of the dots are excited with trions and half remain in
the charged ground state; that is, (N,;,) =0.5. In doubly negatively charged
CQDs, both absorbing transitions (|02-)—|X*") and |[X?")-|XX?")) are blocked,
therefore, optical amplification can occur with an arbitrarily small number

Time (min)

of doubly charged single excitons. This corresponds to ‘zero-threshold’
optical gain ((N,,,,)=0).c | A schematic depiction of the set-up used in REF.**
to study charged-exciton lasing (left). A device made of cg-CQDs assembled
on top of a second-order distributed feedback (DFB) resonator is immersed
into tetrahydrofuran. To photochemically charge CQDs with extra
electrons, controlled amounts of a photoreductant (LiEt,BH) are added to
tetrahydrofuran. The devices are excited using 400-nm, 130-fs laser pulses.
Measurements of the effect of charging on lasing thresholds are shown on
the right®. In neutral cg-CQDs, the average number of excitons per dot
needed to observe lasing, (N}, is 1.3. The threshold drops to (N} =0.5
upon 30-min exposure to 0.2 M LiEt,BH ((n_) =2.5). After the cg-CQDs are
discharged, (N,,,) recovers its near original value of 1.2. A subsequent
charging with 0.4 M LiEt,BH ((n_)=3.1) leads to a stronger drop of the lasing
threshold, which becomes only 0.31 excitons per dot on average. The
blue shading highlights the area corresponding to sub-single-exciton
lasing thresholds. Inset: the plot of the surface emission intensity versus
pump fluence illustrates a more than fourfold reduction of the lasing
threshold upon charging. Panel a is adapted with permission from REF.*,
Springer Nature Limited. Panels b and c are adapted with permission from
REF.*, AAAS.
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and Gy2-= 3.5% for standard CdSe CQDs with the same
band gap. Further, the lifetimes of both charged exci-
tons (1y-=4.5ns and 7y2-=2.5ns) in the cg-CQDs were
longer than that of a neutral biexciton (74, =1.5ns). Asa
result, charged-exciton gain relaxed considerably more
slowly than biexciton gain and, importantly, it persisted
for a few nanoseconds, that is, long after the biexciton
gain had completely decayed.

Benefits of the charging approach were evident upon
direct comparison of the lasing performance of neutral
and charged cg-CQDs". Lasing devices were prepared
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Fig. 5| Single-exciton gain using engineered exciton—-exciton repulsion.

a| A ‘truncated-energy-spectrum’ model modified to account for the exciton—exciton
(X=X) interaction, which shifts the absorbing [X)-|XX) transition versus the emitting
[X)-|0) transition. If the energy of this interaction (4,,) is sufficiently large and repulsive
(A, >0), optical gain becomes possible with single excitons. b | The strong X-X repulsion
needed to practically implement single-exciton gain can be realized using type |l
heterostructures, which favour co-localization of same-sign charges in the same part of
the hetero-nanocrystals and separation of charges of opposite sign across the interfaces.
This type of localization enhances the repulsive component of the Coulomb interaction
and decreases its attractive component. The net effect is the development of strong X-X
repulsion'””. ¢ | The pump-fluence-dependent emission spectra (left) of type [l CdS/ZnSe
colloidal quantum dots (shown in the inset; R=1.6 nm, H=2 nm) exhibit an amplified
spontaneous emission (ASE) peak emerging near the centre of the single-exciton band
(~2.01eV). The second ASE feature (~2.11eV), which develops at higher fluences, is
shifted to higher energies versus the single-exciton line by ~100 meV, which is consistent
with the energy of biexciton emission inferred from transient photoluminescence (PL)
measurements’’. The PL intensity as a function of pump fluence (right) indicates that

the transition to the ASE regime occurs at ~2 m)Jcm™ for single excitons and ~6mJcm™
for biexcitons®. These data were collected using 200-fs, 3-eV pulsed excitation with
fluences of 1-30m) cm~2.|0), ground state; |X), exciton state; [XX), biexciton state;

y, rate of a single spin-conserving transition; E,, and E,, transition energies for the
[X)-IXX) and [X)-|0) transitions, respectively; P,, P, and Py, occupation probabilities

of |0}, IX) and |XX), respectively. Panel b is adapted with permission from REF.'7,

ACS. Panel c is reproduced with permission from REF.!, Springer Nature Limited.
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by depositing a film of cross-linked CdSe/Cd Zn,_ Se/
ZnSe, ;S,5/ZnS cg-CQDs on top of a distributed feedback
(DFB) resonator (FIG. 4c, left). These structures were
immersed into tetrahydrofuran (THF) and excited with
3-eV, 130-fs pulses. In pristine THE, the lasing threshold
was ~9 pJ cm?, which corresponds to (N, ) =1.3 (+0.3),
in line with the estimated neutral-CQD gain threshold
of ~1.2 (RER*) (FIG. 4c, right). To initiate CQD charging,
lithium triethylborohydride (LiEt,BH), which acted
as a photoreductant'”’, was added to THE. For 0.4 M
LiEt,BH, the average per-dot number of photoinjected
electrons, (n,), was ~3, which was sufficient to com-
pletely bleach the band-edge transition and, thereby,
realize zero-threshold optical gain*. The benefits of this
regime were apparent in a dramatic, ~fourfold reduc-
tion of the lasing threshold compared with neutral
CQDs (FIG. 4c, inset). In this case, the onset of the lasing
regime occurred at 2.1 uJ cm™, corresponding to just
0.31 (+£0.07) excitons per dot, on average. This demon-
strates the practical utility of charged-exciton gain for
realizing ultra-low, sub-single-exciton lasing thresholds.

Single-exciton optical gain. Another demonstrated
approach for lowering the optical-gain threshold via
the reduction of degeneracy of the band-edge levels is
based on the manipulation of exciton-exciton (X-X)
interactions’'?»'. In particular, it utilizes engineered,
strong X-X repulsion to upshift the absorbing |X)-|XX)
transition versus the emitting |X)-|0) transition (transi-
tion energies are E,, and E,, respectively)’>'*"'? (FIC. 5a).
If the energy of the X-X interaction (A = Ey, — Ey) is
greater than the transition linewidth (I'), the |X)-|XX)
absorption ceases to interfere with the |X)-|0) stimu-
lated emission, implying that gain can occur with single
excitons. Importantly, not only does this single-exciton
scheme lower the optical-gain threshold, but it also
eliminates the problem of fast Auger recombination,
as light amplification occurs without the participation
of biexcitons.

In standard CQDs, the X-X interaction is attractive
(A4 <0)'>'%, therefore, the realization of X-X repulsion
(A4 >0) requires specially engineered nanostructures.
In addition to having the ‘correct’ sign, A, should also
be sufficiently large, as the magnitude of the X-X inter-
action energy must exceed an ensemble (that is, inho-
mogeneous) emission linewidth. This implies that the
practical realization of single-exciton gain is simplified
for more monodisperse samples with a narrower I.

It is possible to switch the sign of Ay, using type I
heterostructures, wherein a staggered band alignment
creates an energy gradient that separates an electron
and a hole between distinct regions of the structure'?!
(FIG. 5b). In the case of a biexciton state, this enhances
repulsion by favouring co-localization of charges of
the same sign. Simultaneously, it decreases Coulombic
attraction, as the charges of opposite sign are separated
across the heterointerface. The net effect is ‘giant’ X-X
repulsion, which, in small-size CQDs, can reach ener-
gies greater than 100 meV (REFS’-'*"). This is sufficient
to satisfy the condition of |A,,| > I, even in the case of
a large inhomogeneous linewidth caused by CQD size

polydispersity.
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The idea of single-exciton optical gain and the
scheme for its realization through strong X-X repulsion
were originally introduced in REF.'*. This study also
provided initial experimental evidence for light ampli-
fication due to single excitons using CdSe/ZnSe CQDs
that exhibited partial separation between electron and
hole wavefunctions (quasi-type II localization). A few
years later, ASE due to single excitons was unambigu-
ously demonstrated using specially designed type II
core-shell CdS/ZnSe CQDs (inset of FIG. 5¢) that fea-
tured a giant A, of ~100meV (REF”)). In particular, these
samples displayed two ASE bands that developed one
after another with increasing pump level (FIC. 5¢). The
first of these bands, located near the centre of sponta-
neous PL, was due to single-exciton gain. The second
feature was due to usual biexcitonic gain; however,
because of giant X-X repulsion, it was situated not on
the red side of single-exciton emission (as in standard
CQDs) but on its blue side (FIC. 5¢, left). Following these
proof-of-principle studies, single-exciton gain was real-
ized with other types of CQDs*>'** and, in particular, it
was employed to demonstrate low-threshold, spectrally
tunable, vertical-cavity surface-emitting lasers” (point 8
in FIG. 2¢).

For the quantitative analysis of single-exciton gain,
we consider the model of FIG. 5a. Assuming that |A,,]| is
greater than I', we can neglect the biexcitonic |X)-|XX)
transition and calculate the single-exciton-gain magni-
tude from the difference of rates of the |X)-|0) stimu-
lated emission (r,=yPy) and the |0)-|X) absorption
(r,=2yP)): G=G,(Py/4—P,). Here Py=p,, Py=2"_, p,
and P+ P, =1. The corresponding ‘truncated’ CQD
average occupancy is (N*) = Py. Based on these expres-
sions, G=G,(5P,/4—1)=G,(5(N*)/4—1), which yields
(N*n) =0.8 for the gain threshold. As expected, (N*,,)
is lower than for the biexcitonic mechanism, for which
(N*i.) = 1. Even more important is that this scheme
allows for achieving the lasing regime while maintain-
ing the CQD medium in the single-exciton state. This
leads to longer optical-gain lifetimes’’, which can, in
principle, simplify the realization of optically pumped
cw lasing, as well as lasing with d.c. electrical pumping.
However, due to the fairly low saturated single-exciton
gain (£0.25G,), the practical implementation of such a
lasing regime would require a good resonator with low
optical losses.

Emerging colloidal nanomaterials for lasing

Shape-controlled nanocrystals. Following the develop-
ment of highly monodisperse CdSe CQDs'"’, advances
in colloidal synthesis enabled nanocrystals in which
quantum confinement is weakened or completely elim-
inated in one (1D nanorods®) or two (2D NPLs?"'?¢)
dimensions, as well as heterostructures with mixed
dimensionality, such as dot-in-rod nanocrystals'*"'**
and tetrapods'?”'*. Demonstrations of lasing using
shape-controlled structures followed shortly thereaf-
ter, facilitated by insights gained from prior studies of
CdSe CQDs, including the critical role of dense films,
short-pulse excitation and Auger recombination®. The
first demonstration of lasing with anisotropic struc-
tures utilized CdSe nanorods'"’, and was followed by

observations of ASE and lasing for CdSe/CdS dot-in-rod
nanocrystals'*~** and tetrapods'*, and then CdSe NPLs
and 2D heterostructures”™ "%,

The simplest advantage conferred by shape con-
trol is that nanorods and NPLs exhibit large absorp-
tion cross-sections by virtue of their large physical
dimensions. For example, in the case of CdSe nano-
rods, absorption cross-sections increase linearly with
volume and reach ~107" cm? at 3.5eV with no appar-
ent saturation'**. Absorption cross-sections of NPLs
also exhibit V-scaling, and the reported values reach
~107"2cm? at 3.1 eV for samples with lateral dimensions
greater than 50 nm (REF.'*). Anisotropic heterostruc-
tures show very high values of ¢, too. In particular,
for CdSe/CdS dot-in-rod nanocrystals'”’, g, can be as
high as ~107"* cm?, which is comparable to thick-shell
core-shell CdSe/CdS g-CQDs”. Although these larger
cross-sections are chiefly due to the increased number
of unit cells in the structure, there is also an appreciable
contribution due to improved optical field penetration
dictated by the 1D and 2D morphologies"*®'". In par-
ticular, local field factors can approach unity (no field
attenuation) if light polarization is co-aligned with a
longer dimension (normally, the direction of the tran-
sition dipole moment) of high-aspect-ratio nanorods
and NPLs".

ASE thresholds of anisotropic nanostructures largely
abide by a volume scaling relationship, similarly to CQDs
(FIG. 2¢). However, 2D NPLs often show lower thresh-
olds (down to 0.8 uJ cm™2)*' than CQDs of comparable
volume (point 28 in FIG. 2¢), which is likely a combined
result of the enhanced local field factor and very large
optical-gain coefficients achievable with 2D nanoma-
terials (as discussed later in this section). Importantly,
NPL synthesis can achieve single-monolayer thickness
control, which results in narrow ensemble emission line-
widths comparable to those of individual NPLs*#%126:135,
This high level of monodispersity helps to further
enhance optical gain and reduces reabsorption by
decreasing spectral overlap between band-edge emission
and absorption features'*.

Yet another benefit of a large nanostructure volume is
slowing of Auger recombination, as illustrated in FIC. 3b
for NPLs (orange symbols). In 1D or 2D nanocrystals,
the restoration of translational momentum conserva-
tion, which does not hold in CQDs'*’, may, in principle,
result in an additional reduction of Auger recombination
rates. This effect can contribute to the observed increase
of biexciton Auger lifetimes in nanorods'*' and NPLs'*,
although the measured trends are coarsely consistent
with standard V-scaling (FIC. 3b).

There are other shape-specific features of Auger
recombination in anisotropic nanostructures that
might benefit lasing. In particular, for CdSe nanorods
with large aspect ratios (~6 and higher), the scaling
of higher-order Auger recombination rates with the
number of e-h pairs changes from cubic to quadratic,
because, in elongated nanostructures, e-h pairs behave
as Coulombically bound 1D excitons'*'. This favours
light amplification due to higher-order multiexcitons,
which can be used to enable optical gain arising from
higher-energy, above-band-gap transitions”.
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The use of anisotropic heterostructures allows one
to additionally impede Auger recombination through
spatial separation of electrons and holes'*>'*. For exam-
ple, in dot-in-rod CdSe/CdS heterostructures, the holes
are confined to the CdSe core, whereas electrons tend to
delocalize across the entire structure, especially for small
core sizes. As a result of the spatial mismatch between
electron and hole wavefunctions, the biexciton Auger
lifetime becomes 6-10 times longer than for core-only
particles'*. Similar results have been obtained for type II
core-crown CdSe/CdSe,_ Te_hetero-NPLs, in which
biexcitonic Auger decay slows by a factor of two versus
core-only CQDs'".

Optical amplification in shape-controlled colloidal
nanostructures exhibits many similarities to optical
amplification in CQDs. As in CdSe CQDs, ASE in CdSe
nanorods and dot-in-rod particles occurs via biexcitonic
gain, with a saturation consistent with a twofold degen-
eracy of the band-edge levels’>'**. For NPLs, however, the
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Fig. 6 | Emerging colloidal lasing media. a| Room-
temperature optical-gain spectra of a stirred 4-monolayer
CdSe nanoplatelet solution' for different average per-
particle excitonic occupancies, {N). These spectra were
collected 2.5 ps after excitation with 400-nm, 100-fs pulses.
At smaller (N), optical gain occurs to the red of the heavy-
hole (HH) excitonic peak at 512 nm; this gain was assigned
to biexcitons. For (N) of 42 and higher, an additional gain
band emerges at higher energies than the excitonic peak;
this feature was assigned to unbound charge carriers

(2D electron—hole plasma). b | Room-temperature modal
gain measurements of a 4-monolayer CdSe nanoplatelet
film using a variable-stripe-length method for per-pulse
pump fluences ranging between 17 and 910y cm™
(150-fs, 400-nm pulsed excitation)*’. ¢ | Spectrally tunable
amplified spontaneous emission in a family of CsPbX,
perovskite colloidal quantum dots (X=Cl, Br, I) achieved by
varying the composition of the halide component®’. These
measurements were performed using a 100-fs, 400-nm
excitation. All perovskite colloidal quantum dots were
cubes with a mean edge length of ~10nm. Panelais
reproduced with permission from REF.**, ACS. Panel b

is reproduced with permission from REF.**%, ACS. Panel c is
reproduced with permission from REF*, Springer Nature
Limited.

gain mechanism still remains a subject of active inves-
tigation. In smaller-area structures, lasing likely occurs
due to stimulated emission from biexcitonic states, like
in CQDs"**'*’, In particular, the biexcitonic origin of the
optical gain is consistent with reported ASE thresholds,
which correspond to slightly more than one exciton per
NPL, on average”””'*”, Interestingly, higher ASE and gain
thresholds were observed for larger-area NPLs, suggesting
that they are linked to the excitonic sheet density, rather
than the total per-particle excitonic occupancy*'*.

Gain mechanisms associated with Coulombically
bound excitons and biexcitons (‘excitonic molecules’)
were also invoked to explain peculiarities of light amplifi-
cation in NPLs””'*". Due to the reduced dielectric screen-
ing typical of 2D structures®, the effects of Coulombically
bound species can be pronounced even at room tempera-
ture. In particular, the X-X attraction in NPLs can reach
values of 30-45meV, suggesting that excitons are able to
form stable Coulombic biexcitons even at room temper-
ature, as k;T (~25meV) in this case is still smaller than
Ay (REFS77). As a result, the photoexcited system can
represent a mixture of thermally equilibrated excitons
and biexcitons, both of which can contribute to optical
gain'” (FIG. 6a). Previous studies of epitaxial quantum
wells showed that they could also exhibit biexcitonic opti-
cal gain and lasing at low temperatures when k,T was
lower than A, (REFS'®'%2),

At high excitation densities ((N) >50), lattice heat-
ing from Auger decay'*>'** and increased charge-carrier
screening may lead to dissociation of Coulombically
bound species, which is expected to enact a new optical-
gain mechanism due to stimulated emission from a
degenerate e-h plasma. This process was invoked to
explain the emergence of a blue-shifted gain band in
NPLs at high excitation intensities'’ (FIG. 6a). This e-h
plasma gain is similar to the regime realized in epitaxial
quantum wells at high temperatures, when k, T becomes
greater than A, (REFS"*").

NATURE REVIEWS | MATERIALS

VOLUME 6 | MAY 2021 | 393




REVIEWS

Due to their bosonic nature, many Coulombically
bound e-h pairs can be accommodated in the same
NPL, which impacts the maximal achievable gain'*°.
For example, in CdSe CQDs and short nanorods, the
band-edge states can accommodate no more than two
excitons and, hence, gain saturation occurs at pump
fluences that are roughly twice the gain threshold”>'*'.
By contrast, the onset of gain saturation in CdSe NPLs
depends on their area, and, in larger-size structures,
it occurs at pump powers that are more than 10 times
higher than the gain threshold’®'*°. As a result, optical
gain can reach very large values of up to 6,300 cm™
(REF.") (FIG. 6b), inferred from the exponential growth
of the edge-emission intensity measured as a func-
tion of the length of the excitation region shaped as a
narrow stripe (so-called variable-stripe-length gain
measurements).

Perovskite nanocrystals. Nanostructures based on
Pb-halide perovskites such as CsPbX, (X=1, Br, Cl) rep-
resent a relatively recent addition to colloidal optical-gain
media*®. An attractive feature of these materials is that,
in addition to traditional size control, their band gap
can be manipulated via relatively straightforward anion-
exchange reactions that allow one to readily tune the
composition of the halide component™**!*"1% (FIG. 6c).

Some of the size-dependent trends reported for
p-CQDs are similar to those of well-studied CdSe
CQDs. At the same time, the absolute values of optical-
gain-relevant characteristics, such as absorption
cross-sections and Auger lifetimes, can differ consider-
ably for similarly sized particles. In particular, as in the
case of CdSe CQDs, the absorption cross-sections of
CsPbX, p-CQDs measured at above-band-edge ener-
gies scale linearly with particle volume'*®'””. However,
in order to match the magnitude of o, of CdSe CQDs,
p-CQDs must be considerably larger. For example,
side-by-side measurements of CsPbBr, and CdSe CQDs
with respective per-particle volumes of 250 and 47.7 nm?
indicated nearly identical absorption cross-sections of
3.5x10"cm™ at 3.1eV. This suggests that the absorp-
tion cross-section per unit semiconductor volume, or
‘material absorption coefficient’ (¢, =0c,/V), is lower for
p-CQDs than for CdSe CQDs.

A similar situation is realized for Auger recombi-
nation time constants. As for more traditional CQD
compositions, the biexciton Auger lifetimes of p-CQDs
scale almost linearly with nanocrystal volume (FIC. 3b,
open blue symbols). However, the absolute values of 7, y
are considerably shorter than for CdSe CQDs!*!!%
(FIG. 3b, dark green symbols). As a result, the pre-factor y
(~0.06 psnm™) is more than an order of magnitude
smaller than in the standard V-scaling. Furthermore,
unlike in other types of CQDs, for which y has a ‘uni-
versal’ value of ~1 psnm™ independent of composition,
in the case of p-CQDs, y depends on both cation and
anion compositions. In particular, for CsPbX, p-CQDs,
T, xx becomes shorter as the anion is switched from I to
Br and, then, to CI, while the dot size remains approx-
imately the same'*'?”'®’, The replacement of an A-site
cation also affects Auger lifetimes. In particular, when Cs
was switched to formamidinium or methylammonium,

T, xx increased by a factor of ~5, which was ascribed to
increased Coulombic screening'®.

In addition to absorption cross-sections and Auger
lifetimes, optical-gain properties of CQDs are strongly
affected by degeneracies of band-edge states. Based
on combined transient PL and transient absorption
studies'”, in CsPbX, CQDs, both electron and hole
states are twofold degenerate. This implies that, in the
case of neutral dots, optical gain is due to biexcitons
and the gain threshold is defined by a standard condi-
tion (N,,,) = 1, as for CdSe-based CQDs. However, if
evaluated in terms of the pump fluence (pulsed excita-
tion), because of their lower material absorption coeffi-
cient, p-CQDs are expected to have higher optical-gain
thresholds compared with CdSe nanostructures of a
similar volume. Further, due to shorter Auger lifetimes,
the disparity between the thresholds for perovskite and
CdSe CQDs should be even greater in the case of cw
pumping.

Experimental measurements of p-CQDs are consist-
ent with the biexcitonic gain mechanism'*>'’. However,
despite expectations for higher optical-gain thresh-
olds, some of the reported ASE and lasing thresholds
are actually lower than those for CdSe CQDs of similar
size®>*1% (red squares in FIG. 2c). The reasons for this
disparity have not been discussed in great detail in the
literature. One possibility is uncontrolled photocharging
of the p-CQDs, which can, in principle, lower the gain
threshold due to charged-exciton effects. In fact, inten-
tionally charged p-CQDs did show a reduction in the
ASE threshold compared with neutral dots** (FIC. 2c,
open red squares connected by an arrow).

Towards electrically pumped CQD lasers

Optical gain in the regime of electrical pumping. An
important objective in the area of CQD-based optical-gain
media is the demonstration of lasing with electri-
cal excitation. The research into electrically pumped
CQD lasers, or CQD laser diodes (abbreviated here as
QLDs), represents a part of a broader effort targeting the
realization of electrically excited lasing with solution-
processable materials. This goal has been pursued
across multiple fields, including semiconducting poly-
mers'*'%-1% small molecules'*’-'”%, carbon nanotubes'7*'7¢
and perovskites'”7 "%,

As with other solution-processable gain media, one
challenge in the case of CQDs is achieving population
inversion with electrical charge injection. To quantify the
current densities required to attain this regime, we intro-
duce an ‘electrical cross-section’ g,. We use this quantity
to relate the steady-state excitation rate to the current
density (j) by g=0,(j/e), where e is the elementary charge.
CQDs are usually incorporated into an LED as a sin-
gle monolayer (ML) sandwiched between electron and
hole transport layers (ETL and HTL, respectively) "%,
The injected current flows preferentially through CQD
semiconductor cores, which serve as current-focusing
apertures (FIC. 7a, bottom). Due to the presence of
surface-bound and unbound ligands, the areal filling
factor (f) in a spin-coated CQD film is typically 0.5-0.6
(REF.*), versus ~0.9 for hexagonal close packing. As a
result, the electrical cross-section is increased compared
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with the CQD geometrical cross-section (og:T[RZ) bya
factor of 1/ (FIG. 72, top). In a typical CQD-LED, g, is ~20,.

Based on the above considerations and our pre-
vious analysis of the case of cw optical excitation, the
gain-threshold condition for electrically pumped devices
18 figun =€/ [0.(TxxT)"’]. As for cw optical pumping, the
threshold current density increases as (7yy)™/* with
decreasing biexciton Auger lifetime. The detrimental role
of Auger decay becomes even more apparent in the case of
steady-state lasing, which is considerably more difficult
to realize than the gain threshold. Based on the model-
ling of optically excited lasing®, the cw excitation rate
required to achieve half-saturated gain (g=g,,, G=0.5G,)
can be computed from g, = (0.5/7y,) [1 + (1 + 127y, /7,)"].
In the case of fast Auger decay (T4, =T, yx and Ty, K 7y),
this expression leads to g, = 1/7, yy. The correspond-
ing current density is j,, = e/(0,7, xy), indicating that j,,
scales faster with Auger lifetime (o 1/7, ) com-
pared with the (7, x)™"* scaling of j,,,. As a result,

REVIEWS

achieving lasing action becomes progressively more
difficult with dots of smaller size due to the increasing
Auger decay rate.

For example, for standard green-emitting CdSe
CQDs with R=1.5nm, 7, yy is ~15ps and 7y is ~20ns.
Using these parameters and assuming f=0.5, we obtain
j,=76kA cm™. This value is several orders of magni-
tude higher than maximal current densities achievable
in CQD-LEDs (usually, <1 Acm™), which reempha-
sizes the need for effective approaches to control Auger
recombination. Fortunately, such approaches are avail-
able to the CQD community. In particular, by exploiting
compositional grading of the CQD interior, 7, can be
extended to 1.5ns (REF*). Using this value, along with
0,=2.8x10"cm’ (computed for CQDs from REF.*),
we have obtained a j,, of ~24 A cm™. Although this cur-
rent density is higher than for standard CQD-LEDs, it
is accessible with special high-j LED architectures, as
discussed next.

Electron
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Fig. 7 | Principles of operation of a colloidal quantum dot light-emitting
diode and an example of a current-focusing optical-gain device.a|Ina
colloidal quantum dot (CQD) film, semiconductor cores are surrounded by
insulating organic molecules (top), which leads to a current-focusing effect
(bottom). As aresult, the CQD electrical cross-section (0.) becomes greater
than its geometrical cross-section (a,)- b | A schematic depiction of an
inverted light-emitting diode'**, which comprises a single CQD monolayer
sandwiched between an n-type electron transport layer (ETL) made of ZnO
nanoparticles and a p-type tris(4-carbazoyl-9-ylphenyl)amine (TCTA)-based
hole transport layer (HTL). The top (anode) and bottom (cathode) electrodes
are made of MoO /Al and indium tin oxide (ITO), respectively. c| A simplified
band diagram of the device shown in panel b, whichiillustrates that injection
of electrons and holes into a CQD is facilitated by good matching between
the charge transport layer’s work functions and the energies of the

CQD conduction band (CB) and valence band (VB) states. d | A high-
current-density (j) inverted light-emitting diode architecture that comprises
a dielectric LiF interlayer with a narrow slit limiting the injection areato a
stripe of less than 100 um in width. The inset shows a photograph of an
8-pixel device that employed this architecture®. e | An example of the
dependence of current density (left axis) and electroluminescent (EL)
intensity (right axis) on the applied bias for the current-focusing device in
panel d, which allowed achievement of j=18 Acm. f | Optical absorption
(«) measurements of the same device without (green line) and with (red line)
applied bias (j=8 Acm2)". The biased device exhibits optical gain (¢ <0),
shown by grey shading. Its spectral position overlaps with the spectrum of
a biexciton emission, shown by the blue dashed line. Panel bis adapted with
permission from REF.'**, ACS. Panels c—f are adapted with permission from
REF.*, Springer Nature Limited.
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High-current-density CQD-LED:s. In epitaxial QD laser
diodes, a QD emitting layer is sandwiched between
highly conductive n-type and p-type semiconductors
and the injection area is limited in one or two dimen-
sions to sub-100-pm sizes to achieve a current-focusing
effect'®"'%, This architecture can support extremely
high current densities of >1kA cm™ that are sufficient
for realizing the lasing regime (which usually requires
100-1,000 A cm™2)**!8%181%_Tn sharp contrast, in CQD-
based devices, the achievement of current densities in
excess of 1-2 A cm ™ already represents a serious chal-
lenge. Realization of this high-j regime is complicated
by high resistivity of both the CQD film and charge
transport layers (CTLs), their poor thermal conducti-
vity and limited stability of CQDs at high temperatures
that result from combined effects of ohmic'®¥~'* and
Auger'™*'*" heating.

The primary reason for high resistivity of CQD
solids is the presence of organic ligands that create a
thick insulating barrier at CQD surfaces. In CQD-LEDs,
this problem has been tackled by reducing the thick-
ness of the emitting layer to a single CQD ML placed
directly between the CTLs (FIC. 7b). This design elimi-
nates the need for dot-to-dot charge hopping and allows
for efficient injection of both carriers if the CTL work
functions are appropriately matched to the CB and
VB energies of the CQDs. In the case of CdSe-based
CQDs, such energy-matching can be achieved using
an n-type ETL made of colloidal ZnO particles depos-
ited on top of an indium tin oxide (ITO) electrode and
a p-type HTL fabricated from organic molecules such
as 4,4’-bis(N-carbazolyl)-1,1’-biphenyl (CBP) or
tris(4-carbazoyl-9-ylphenyl)amine) (TCTA**'-1%,
FIG. 7¢). This LED design, known as an ‘inverted archi-
tecture) has allowed for demonstrating nearly ideal
external quantum efficiencies approaching ~20%, which
is the limit defined by a light extraction coefficient from
a high-index semiconductor medium'>'%.

A necessary feature of high-performance CQD-LEDs
is also good balance between electron and hole injec-
tion currents, which is required for avoiding unwanted
charge accumulation and associated carrier losses due
to nonradiative Auger decay. This process is often
pointed to as being responsible for the external quan-
tum efficiency roll-off or ‘droop” observed at high cur-
rent densities'”>'**'*”. Because Auger recombination is
accompanied by the release of a considerable amount of
energy (~Eg per dot, per recombination event)'>*"***%, it
also contributes to device heating, which, together with
ohmic heating, accelerates LED degradation.

Imbalanced charge injection is expected to be a
serious problem in optical-gain devices, as they nec-
essarily operate at high current densities. In a standard
CQD-LED, electron injection usually outpaces hole
injection because the carrier mobility of an organic
HTL (107°-103cm?V~'s7!) is lower than that of a ZnO
ETL (~107cm?V~1s1)*12% To tackle this problem
at the device level, thin insulating barriers have been
incorporated into an electron injection path?>*”*, or
ETL conductivity was intentionally reduced using
poorly conductive additives'*~**". In another approach,
a wide-gap ‘barrier’ shell was added directly to a CQD

in order to selectively impede electron injection without
obstructing injection of holes'*>'***?%*, A combination
of device-level and CQD-level controls has enabled the
demonstration of LEDs with ultra-high brightness'*
(~300,000 cd m™2) operating virtually droop-free up to
~0.5Acm™.

An important recent result of direct relevance to QLD
development was the demonstration of CQD optical
gain with d.c. electrical pumping®. This work employed
engineered CdSe/Cd,Zn,_Se/ZnSe, S, ; cg-CQDs opti-
mized for both strong suppression of Auger decay and
balanced charge injection. They were incorporated into
an inverted LED architecture containing an insulating
LiF spacer with a narrow (<100-pm width) slit for
current focusing (FIG. 7d). In addition to boosting
the current density, this design, applied previously
in high-j OLEDs***%, allowed for improved heat
dissipation®'’. Furthermore, the use of dots with strongly
suppressed Auger recombination, and, thereby, sup-
pressed Auger heating, also helped mitigate problems
due to thermal damage.

Using the above strategies, current densities of up to
~18 A cm™ were achieved” (FIC. 7¢), unprecedented for
CQD-LEDs. This value was well above the gain thresh-
old of ~7 Acm™ computed from j,,,, = e/[0,(7x7x) "]
The fabricated devices indeed showed unambiguous
signatures of optical gain, which developed at 3-4 A cm™
(FIG. 77. The fact that the measured threshold was slightly
lower than the estimated value could be due to nonu-
niformities in the film thickness (nominally ~1.5ML)
that would promote current flows through thinner film
regions and, thereby, enhance the current-focusing effect.

Incorporation of an optical cavity. In addition to suffi-
ciently high current densities, the achievement of electri-
cally pumped CQD lasing requires device architectures
that can simultaneously support electroluminescent (EL)
and lasing functions. To realize such a dual-function
device, one needs to incorporate an optical resonator
into an LED in such a way as to not obstruct charge injec-
tion pathways and, at the same time, avoid quenching of
the lasing modes by conductive CTLs.

Previous research into optically pumped CQD lasing
has explored various cavity designs, including Fabry-
Pérot™, spherical’'! and microring resonators*?, verti-
cal cavities” and DFB gratings'”’. Among those, a DFB
resonator adjacent to a CQD active region satisfies all
requirements of a laser-diode architecture. In particular,
it can be readily incorporated into an LED stack by sim-
ply patterning one of the existing device layers. Further,
the cavity resonances can be easily adjusted by varying the
grating period in the lateral device plane, without dis-
turbing the device vertical structure, which can, thus, be
used to independently tune carrier injection.

Previous works on organic materials and perovskites
demonstrated the possibility of obtaining optically
pumped lasing using a DFB resonator integrated into
functional LEDs?'*?'* and light-emitting field-effect
transistors®'>. A DFB cavity was also combined with
a high-j current-focusing EL structure that utilized
blue-emitting small organic molecules'”*. When excited
with short, 400-ns electrical pulses, these devices were
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Fig. 8 | A dual-function colloidal quantum dot light-emitting diode with an
integrated distributed feedback cavity. a| A colloidal quantum dot laser diode (QLD)
design proposed in REF.*’. It utilizes a current-focusing inverted light-emitting diode
architecture that contains a second-order distributed feedback (DFB) cavity integrated
into a bottom low-index indium tin oxide (L-ITO) electrode. The L-ITO is used to reduce
optical mode leakage out of the colloidal quantum dot (CQD) layer. b | A fabricated
prototype device with a QLD-like structure exhibits strong lasing performance under
optical excitation with 130-fs, 400-nm pulses (pump fluences are indicated in the legend).
The active region thickness is only three CQD monolayers. ¢ | A cross-sectional scanning
electron microscopy image of the device schematically depicted in panel b after it is
completed with a top MoO /Al electrode (top). This device exhibits bright electrolumi-
nescence (EL) under electrical bias (inset), with a spectrum peak at 621 nm (bottom)*°.
ETL, electron transport layer; HTL, hole transport layer; TCTA, tris(4-carbazoyl-9-ylphenyl)
amine. The figure is adapted with permission from REF*’, Springer Nature Limited.

capable of generating extremely high current densities
(up to 5.7 kA cm™? before breakdown), sufficient to
observe coherent laser light mixed with incoherent EL.

Recently, dual-function LED/optically pumped
laser structures were also demonstrated for CQDs™.
These devices, which had a QLD-like architecture
(FIC. 8a), contained a second-order DFB cavity inte-
grated into a bottom electron-injecting electrode made
of low-index ITO (L-ITO). A p-i-n device stack com-
prising a ZnO ETL, a CQD active layer and a TCTA
HTL was assembled on top of the patterned electrode.
Due to a carefully engineered refractive-index profile
across the device stack, the modal gain was sufficiently
high to support optically excited lasing, even with an
ultra-thin (~50 nm) optical-gain medium contain-
ing only three CQD MLs (FIC. 8b). Importantly, these
devices also showed good EL performance as standard
LED:s (FIC. 8c). However, the maximum current density
was not sufficient for realizing an optical-gain regime.
The primary limitation was a high resistivity of the
bottom electrode (made of ITO diluted with SiO,),
because of which the device breakdown occurred at
fairly low current densities of ~0.2 A cm™. In principle,
this problem can be tackled through the optimization
of a mode cross-section profile in the presence of the
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‘undiluted-ITO’ electrode. The use of current focusing
and, if necessary, short-electrical-pulse excitation can
also help boost the current densities achievable in the
pre-breakdown regime.

Summary and outlook

It has already been 20 years since proof-of-principle
experiments that demonstrated the feasibility of light
amplification in CQD materials and established the
principles of CQD lasing®'. Colloidal nanostructures are
no longer just the subject of scientific curiosity, as back
then, but are industrial-grade optical and optoelectronic
materials that are already applied in modern televisions
and displays, as well as other commercialization-ready
devices, such as colour-adjustable light bulbs and
luminescent sunlight collectors. Despite tremendous
advances in the CQD field in general, CQD lasers are
still to be found only in a research lab setting. In simi-
larity to 20 years ago, the primary challenge remains the
same: fast deactivation of a CQD gain medium due to
intrinsic Auger recombination.

The situation, however, is about to change. Over the
past few years, several approaches have been developed
to tackle the problem of Auger decay. Some of them
attack this challenge at the gain-mechanism level and
others aim at direct control of Auger recombination
rates. Two demonstrated nonbiexcitonic mechanisms
are single-exciton gain, implemented with type II
CQDs”, and charged-exciton gain, achieved using
electrochemical®® or photochemical CQD doping**.
The idea behind both is to effectively reduce the degen-
eracy of band-edge states so that biexcitons are no longer
required to produce optical gain.

A single-exciton mechanism employs X-X repulsion
to spectrally decouple the emitting and absorbing tran-
sitions originating from the single-exciton state, which
turns excitons from gain-neutral to gain-active species.
However, the very strong X-X repulsion required to
enact this mechanism is not readily available in nano-
structures commonly used in lasing experiments, such as
CdSe/CdS g-CQDs or CdSe-based NPLs. This indicates
the need for further synthetic developments in the area
of lasing-grade type II nanostructures that could enable
strong X-X interactions and, at the same time, exhibit
high monodispersity (that is, narrow linewidth), excel-
lent light-emission properties and high photostability.
The availability of such structures would facilitate the
development of low-threshold cw lasers, which could
be operated using incoherent pump sources, such as
standard LEDs. This would also relax the constraints
due to minimal CQD density in a gain medium and
potentially allow for achieving lasing with low-density
CQD materials, such as CQD solutions and polymer
composites.

In the charged/doped-CQD scheme, the band-edge
degeneracy is reduced by blocking the band-edge states
with uncompensated carriers. In this approach, optical
gain is due to charged excitons. Although this does not
completely eliminate Auger recombination, it weakens
its influence, as Auger lifetimes of both singly and doubly
charged excitons are slower than that of a biexciton. The
charge-exciton scheme is especially effective if applied
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together with Auger decay engineering. In particu-
lar, the combination of these approaches allowed for
demonstrating well-behaved DFB lasers with ultra-low
thresholds of only ~0.3 excitons per dot on average or
~2uJem™ (RER™).

Recent experimental studies have provided several
successful demonstrations of direct control of Auger
decay using CQDs with a compositionally graded
interior'”*. Lately, it was implemented with continuously
graded CdSe/Cd,Zn,_Se/ZnSe, S, ; cg-CQDs, which
allowed for boosting the biexciton PL QYs to ~45%.
Importantly, strong suppression of Auger decay was real-
ized while still preserving strong quantum confinement,
with AE_  of ~10k,T at room temperature.

The progress in Auger decay engineering was essen-
tial to recent advances of direct relevance to the develop-
ment of electrically pumped CQD lasers. In particular,
effective control of Auger decay and associated suppres-
sion of Auger heating were key to the first demonstration
of electrically excited optical gain with cg-CQDs incor-
porated into current-focusing LEDs*. These dots were
also an essential part of the recent successful demonstra-
tion of dual-function EL/lasing devices™, which showed
strong lasing performance employing only three CQD
MLs as a gain medium.

The focus of this Review has been on CdSe-based
nanostructures, which represent the most synthetically
advanced colloidal nanomaterials. These nanocrystals
are well suited for applications in the range of visible
wavelengths. However, due to a fairly large bulk CdSe
band gap (1.75eV), they cannot be applied in the infra-
red (IR). The best developed IR-active colloidal nano-
materials are PbS and PbSe nanocrystals?”’, which have
been extensively studied in the context of prospective

photovoltaic applications?'**"*. With proper surface
treatment and/or shelling procedures, PbSe(S) CQDs
can also exhibit high PL QYs****2. However, because
of the eightfold degeneracy of their band-edge states,
they exhibit a very high optical-gain threshold of 4 exci-
tons per dot**. This greatly complicates the realization
of practical lasing devices, as Auger lifetimes scale very
rapidly with exciton multiplicity'®'.

To tackle this problem, a recent study®** applied a
charged-CQD gain scheme to PbS CQDs. In particular,
using heavily doped CQDs, the authors of this work were
able to reduce the gain threshold to (N,;,) = 1. This inter-
esting result proves the generality of the charged-exciton
gain scheme and, in addition, demonstrates a practical
approach for its implementation in the case of IR materi-
als. Further developments in this area can take advantage
of a large arsenal of previously developed synthetic tools
that can, in particular, be applied to realize compositional
grading for suppressing Auger recombination.

During the past two decades, CQD lasing has
grown into a mature field that has come very close to
a point where it can become a practical technology.
An important milestone towards this goal would be
the demonstration of electrically pumped CQD lasers.
Just a few years ago, the realization of such devices was
widely deemed impossible due to problems such as
ultra-fast Auger decay, insufficient current densities in
CQD LEDs, thermal damage issues and difficulties
in combining EL and lasing functions in the same CQD
device. The majority of these problems has been recently
resolved. Now, we are just one short step away from a
functional CQD laser diode.
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