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Colloidal quantum wells, also called nanoplatelets, are nanoscopic materials displaying quantum confinement in two
dimensions. Unlike colloidal quantum dots, colloidal quantum well ensembles have no inhomogeneous broadening due to
an atomically-precise definition of the short axis, a fact which results in much narrower ensemble absorption and emission.

Thus, colloidal quantum wells can translate many advantages of colloidal nanocrsytals or other solution-processable

materials, such as scalable synthesis and substrate-agnostic deposition (particularly compared to epitaxial quantum wells),

without sacrificing material uniformity. Due to very narrow photoluminescnece peaks, these materials have found a home

in applications involving light emission, such as downconversion enhancement films, light-emitting diodes, and lasers, in

which they represent some of the best performers among solution-cast materials. As argued in this review, the full spectrum

of epitaxial quantum well devices offers a roadmap to other potential applications, such as detection, electronics, electro-

optics, non-linear optics, or intersubband devices, in which only nascent efforts have been made.

1 Introduction

Colloidal quantum wells (CQWs), commonly called
nanoplatelets, are atomically-precise materials with two-
dimensional quantum confinement. The physics of these
materials mirrors more commonly studied epitaxial quantum
wells,! but they are synthesized in organic solvents at modest
temperatures (normally 100-300 °C). Despite variable long
dimensions, the atomically-precise thickness of the CQWs
places these materials in a distinct class from other colloidal
nanocrystals: except at the very smallest lateral sizes, their band
gaps are not influenced by lateral size dispersion and the optical
spectra of CQWs are thermally-limited. CQWs lift synthetic
constraints of epitaxial materials, particularly the disadvantages
of costly synthesis on specialized substrates at high
temperatures and low pressures. CQW may be processed in
solution by techniques such as spray-coating, spin-coating,
inkjet printing, layer-by-layer, or imprint lithography and
deposited on to substrates of arbitrary composition and shape.
At the same time, they retain the electronic structure of
quantum wells and thermally-limited optical resonances which
are advantageous in many applications.

This review is focused chiefly on the applications of II-VI
CQWs, especially those to which they are uniquely well-suited.
From a technological perspective, epitaxial quantum wells
provide a useful atlas of possible applications for colloidal
cousins which is followed here. The development of epitaxial
quantum wells drove substantial improvements or completely
new technologies in both large-scale and niche applications in
displays, lasers, nonlinear optics, electronics, and detectors.
Earlier works have extensively reviewed the preparation of
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CQWs and synthetic work will only be described in here to
provide a foundation for device applications. Subsequent
sections in this review will focus on the applications for CQW
linear absorption, non-linear properties, and
intersubband applications. Although some of these areas are

emission,

already subject to intense study, other topics covered in this
review have been left largely unexamined despite the success
of epitaxial quantum wells in similar applications.

2 Composition and Structure of Colloidal
Quantum Wells and their Assemblies

Presently, high purity syntheses of CQWs are limited to II-VI
with CdSe the most common.
Previous works have reviewed much of this chemistry?= and it
will not be addressed in detail here. Synthetic routes to
monodisperse materials exist for CdS, CdS;xSex, CdSe, CdTe,
HgSe, HgTe, ZnS, ZnSe, and PbS, as well as doped-CQW
structures (See Table 1).1.6-10 Although commonly discussed as
zinc blende (cubic) polymorphs, X-ray diffraction shows that
these materials are actually tetragonal.ll Collectively, these
materials have absorption edges spanning the ultraviolet to the
near-infrared. Examples of monodisperse CdS, CdSe, and CdTe
CQW ensemble absorption shown in Figure 1a span thicknesses
from 5 atomic layers (2.5 monolayers of CdE) to 13 atomic layers
(6.5 ML). Although a typical size of the CQW lateral dimensions
is less than 100 nm, growth over larger dimensions is possible
through continuous injection akin to living polymerization.12
Control over lateral aspect ratios can also be achieved by
adjusting the proportion of short carboxylic acids in the reaction
mixture.3

Core/shell CQWs come in at least two types, shown in Figure
1b. Core-crown structures have a shell grown exclusively along
the long axes of the CQW, which have optical absorption similar

semiconductor materials,
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Figure 1. (a) Absorption spectra of CdS, CdSe, and CdTe CQWs. Thicknesses are asserted

based upon literature findings. (b) Routes to composition variation through cation

exchange and core/shells. Below the core/shells are a micrograph (left) of
CdSe/CdS/CdSe/CdS/CdSe atomically-precise core/shell and
mapped CdSe/CdTe type-Il core/crown structures. Reproduced from Refs. 16 and 110

(right) elementally-

with permission from the American Chemical Society. (c, d) Large-area alignment of
CQW films in face-down and edge-down geometries, respectively. Reproduced from
Ref. 26 with permission from the American Chemical Society.

to isolated CQWs and may be type | (e.g. CdSe/CdS) or type Il
(e.g. CdSe/CdTe).1* Isotropic core/shell structures can be grown
with preserved atomic precision through methods like colloidal
atomic layer deposition1>16 or, without atomic precision, by
familiar secondary shell growth protocols involving slow
secondary injection.17-1° Both may be combined as well.20

An important distinction from epitaxial wells is that CQWs
are symmetric on both top and bottom faces. CQWs comprise
an odd number of atomic layers in total. Combined with
revisions of the thickness labels of early reports, this has led to
some confusion in sample labelling. Here, the number of metal
chalcogenide layers will be used: for example, samples with 7
total atomic layers will be described as “3.5 monolayers” (e.g.
3.5 ML CdSe), although in the literature “3 monolayers” is
frequently used. Less trivially, the symmetrical termination of
CQWs makes them strain balanced, which can be challenging to
achieve in epitaxial systems and reduces bandwidth of optical
resonances arising from strain heterogeneity.2!

2| J. Name., 2012, 00, 1-3

Compared to quantum dots, a limitation cited for CQWs is
that tunability in optical or electronic properties is lost. For
example, CdSe CQWs may be synthesized for room temperature
emission at 463 nm, 514 nm, or 553 nm, but not in between.
This is a false choice, and not only because of tuning achievable
with alloys or core/shell structures. Several works have shown
that and that control of the CQW thickness (and therefore
electronic structure) can be achieved at a resolution better than
one atomic layer by ligand-induced changes in the CQW
lattice.22-24 Replacing carboxylic acid ligands with thiolates,
phosphonates, or halide ligands expands the tetragonal lattice
of CQWs in the short axis dimension, relaxing confinement. An
appropriate choice of ligand chemistry tunes the band gap of
CdSe CQWs across visible wavelengths.

Another point critical to device performance is the control
over the alignment of CQWs. In most of the devices described
below, there is no purposeful control over the structure of CQW
layers, although they are known to form assemblies of stacked
plates. Linear alignment of CQWs has been achieved with
samples in polymers with stretching?> or by deposition on to
liquid interfaces, as shown in Figures 1c and 1d.%
Electrophoretic separation strongly implies that CQWs have a
permanent dipole and thus may be aligned in electric fields as
well.27 Alternatively, unstacked, face-down CQWs can be
achieved with ligand chemistry and directed assembly.28
Dispersed helical superstructures displaying circular dichroism
have been formed through various ligand-exchange reactions?®
and linear lamellar structures show emergent optical
polarization.3? Substantial interactions between co-facial CQWs
in particular has been demonstrated in highly-efficient Forster
resonant energy transfer (FRET)31-32 or the possibility of excimer
or miniband formation.33:34 In applications in which polarization
control or interfacial interactions are consequential, alignment
or turbostratic disorder of CQW solids will impact performance.
Hierarchical order, including placement on pre-fabricated
structures like photonic crystals can obviously affect device

performance, but these effects are not intrinsic to CQWs.28:35,36
Table 1. Properties of Known Core-only Colloidal Quantum Wells

Type Monolayers  Asps (hm) Notes

Cds 2.5-5.5 326-427 2.5, 5.5 polydisperse?

CdSe 2.5-8.5 397-622  >6.5 impurities3’

CdTe 3.5-5.5 428-556  >5.5 polydisperse?

ZnS 4.5 325 cation exchange®

ZnSe 4.5 411 core/Shell cation
exchange®

HgSe 3.5 766 cation exchange’

HgTe 3.5 880 cation exchange’

3 Photoluminescence Applications

A Enhancement Films

The narrow photoluminescence of CQWs, compared to other
colloidal nanocrystal systems or organic dyes, stimulated
interest in applying CQWs for light-emitting applications.
Enhancement films, which convert a blue excitation into red and
green colours for displays, require the mutual optimization of

This journal is © The Royal Society of Chemistry 20xx
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Figure 2. (a) Room temperature photoluminescence spectra of 3.5 ML, 4.5 ML, 5.5 ML,
6.5 ML CdSe CQW ensembles, and 4 ML CdSe/4 ML CdS core/shell CQWs. The full-width
at half maximum for each sample is labelled on the plot. (b) Placement of room
temperature CdSe CQW emission spectra on the CIE colour space. (c) Polarization-
resolved emission of CQWs embedded in stretched polymer, with the inset image
showing the unstretched and stretched polymers containing core/shell and core-only
CQWs under ultraviolet illumination. Reproduced from Ref. 25 with permission from
the American Chemical Society. (d) Luminescent solar concentrator made with Cu-
doped CdSe CQWs. Reproduced from Ref. 10 with permission from Wiley. (e) Emission
counts for CQW scintillator under X-ray illumination of variable energy. Reproduced
from Ref. 66 with permission from Nature Publishing Group.

emission wavelength, bandwidth, stability, and quantum vyield.
CQWs have been demonstrated in enhancement films in which
the CQWs are embedded in a polymer or copolymer matrix.2>38-
40 The chief advantage of CQWs is their narrow ensemble
emission (Figure 2a), which resembles that of isolated CQWs.#!
If the narrow emission of CQWs (8 nm in blue; 10 nm in green;
< 20 nm in red) is preserved, they enable spanning nearly the
full color gamut. As shown in Figure 2b, emission from CdSe
CQWs decorates the edges of colour space defined by the
Commission internationale de I'éclairage (CIE) coordinates.
Many of the same advantages of inorganic nanocrystals for
downconversion, such as durability and bright emission, should
be available to CQWSs but synthetic challenges remain to
achieve them. Efficient emission is a necessity and the synthetic
particularly of core/shell CQWs, is
improving quantum vyields to near unity. As-synthesized, the
quantum yield of green-emitting CdSe core-only CQWSs can
reach ~50 %,%2 with blue-emitting CdSe, CdTe, and CdS samples
showing poorer efficiencies of < 10 %, typically.®43 As with
quantum dots, core/shell growth improves quantum yields.

quality of materials,

This journal is © The Royal Society of Chemistry 20xx
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Core/crown CdSe/CdS and CdSe/CdTe have quantum yields 60
%% to 70-85 %,%547 respectively. The type | CdSe/CdS
core/crown geometry is particularly advantageous because it
largely preserves the colour (and bandwidth) of the initial core
For red emission, high-temperature core/shell
formation via annealed colloidal ALD processes, which
preserves atomic precision and linewidths as narrow as 16 nm,

emission.

producse samples with 80 % quantum yields. Quantum yields as
high as 95 % are reported for slow secondary injection methods
to form CdSe/CdyZn;,S.48 CdSe/CdsS
core/crown with isotropic ZnS shells are also reported with
quantum yields as high as 90 %.28

An additional advantage of CQWs is that they emit light
which is polarized in the wide plane of the CQW.?>4° Controlled
emission polarization improves the efficiency of display
operation and simplifies construction. Indeed, CQWs have been
demonstrated in stretched enhancement films as in Figure 2c,
which preferentially align the CQWs with the stretching axis to
enrich the polarization of emission.?3%50 Two-dimensional
planar dipoles of emission suppress the peak achievable
polarization compared to uniaxial dipole systems such as
nanorods. However, tuning of the aspect ratio of the CQWs
synthetically can yield materials with a rectangular cross-
section which preferentially enhances emission along the
longest-axis direction of the CQW through dielectric effects.>152

A common problem across emitters used in enhancement
films (or LEDs) is that the active layer heats up during
operation.>3 Operating temperatures depend on intensity of
use and geometry, but estimates are 150 °C for enhancement
films and 80-120 °C for light-emitting diodes.>3 Higher
temperatures broaden and red-shift emission, similar to other
quantum dots or bulk materials,>4>> but these effects are small
enough that they do not diminish the appeal of CQWs emitters.
Preservation of emission at elevated temperatures is more
challenging. Core-only CQWs show photoluminescence
quenching to about 40 % of room-temperature values at 120 °C,
5455 which is better than core-only InP or small CdSe quantum
dots, but worse than most core/shell materials.55-3° Low-
temperature shell growth did not improve stability
substantially.>* CdSe/CdZnS CQWs with shells grown at high-
temperature also showed emission 40-60 % weaker than room
temperature values at 400 K, but with improved stability and
reversibility.® A peculiar challenge of CQWs is that a large
fraction of (thermally-reversible) photoluminescence losses at

Combinations of

high temperature are due to activated Forster resonance
energy transfer (FRET) processes;®0 designing solids without
stacking may be critical to avoiding this quenching effect.

B Luminescent Solar Concentrators

J. Name., 2013, 00, 1-3 | 3
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Doped CQWs have been proposed for use in luminescent solar
concentrators (LSCs),10 in which large (typically acrylic) panels
with embedded dyes through
waveguiding dye emission to a much smaller cross-section on
the panel edges. The small stokes shift of undoped CQWs makes
them poor candidates for LSCs, due to re-absorption losses. But

concentrate solar flux

similar to work in quasi-spherical colloidal systems,®! doping
CdSe CQWs with ions such as copper enables a substantial red-
shift of emission originating from the dopant, while preserving
the sharp band-edge absorption.1® This combination is
considered ideal for LSCs.62 In Cu-doped CdSe CQWs, dopant
emission can reach quantum yields as high as 90 %, with
negligible re-absorption. Fabricated LSCs (Figure 2d) reach
optical efficiencies of ~1.5 %, with the chief limitations arising
from reduced photoluminescence quantum yield in the acrylic
matrix and scattering losses.10 Polarization properties of such
Cu:CdSe systems are unclear, but dielectric polarization coupled
with alignment within the LSC waveguide may improve light
trapping.

C Quantum Emission

One distinctive property of CQWs compared with epitaxial
quantum wells is that tunable small lateral size enables a
transition to a quantum emitter exhibiting anti-bunching
behaviour.#! Judicious selection of the lateral size allows
antibunching with a virtual absence of biexcitons to near unity
yield of biexcitons.®® Furthermore, multiple studies have
demonstrated that CdSe CQWSs show polarized emission from
face-down CQWs depending on the dimensions of the CQW
plane: those with rectangular cross sections are polarized by
dielectric effects whereas those with square cross sections are
not.%4%5 When aligned vertically, as has been achieved in thick
shell CdSe/CdS CQWs, samples show large linear polarization
reflecting the projection of the large two-dimensional sample
plane on to the measurement axis.® Although this application
of CQWs is distinctive from epitaxial materials, it is similar to
colloidal nanocrystals and CQWs do not necessarily overcome
drawbacks of spectral wandering or blinking in unique ways.

D Scintillators for High-Energy Radiation

A small number of reports have investigated CQW:s as potential
scintillators.67-%® CQW photoluminescence occurring when
samples are irradiated with X-rays, gamma rays, or electrons is
used to detect the high-energy radiation indirectly (Figure 2e).
The chief advantage of CQWs is their potential for high time-
resolution scintillation with pulsed excitation, which is
important in high-energy physics
applications. CQWs show prompt response times and are less

and certain medical
sensitive to non-radiative Auger recombination compared to
(bulk) alternatives.®® Quantum yield, photoluminescence line-
shape, and dynamics in CQWs are all influenced by high-energy
radiation due to multiple exciton generation.’® This is manifest
through red-shifted, broadened, and more rapid emission from
biexcitons. CQWs can already have sub-nanosecond emission at
lower temperatures,7L72 but under X-ray or gamma ray
irradiation, multi-exciton emission brings the functional
coincidence time for CdSe CQW scintillators to 80 ps.%7

4| J. Name., 2012, 00, 1-3
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Figure 3. (a) CIE coordinate space with open circles representing reported results for
CQW-based LEDs. CIE coordinates derived from published works or estimated from
and bandwidth information. (b)
electroluminescence is preserved over a large range of luminance for the CQW LED

given centre wavelength Narrow red

shown inset. (c) Inverted geometry design of a high-efficiency CQW LED. (b, c)
Reproduced from Ref. 76 with permission from Wiley. (d) Efficiency roll-off of green
CQW LED design. Reproduced from Ref. 77 with permission from The Royal Society of
Chemistry.

4 Electroluminescent Devices

Electroluminescent devices represent a second step in
complexity to leverage CQW emission for displays. Several light-
emitting diodes of CQWs have been demonstrated, with
saturated red and green electroluminescence well-represented
in the literature.?647.73-79 As with downconversion films, the
chief advantage of CQWs is the spectrally-narrow
electroluminescence which can be achieved, characterized by a
high saturation of colour in devices. CIE coordinates of reported
LEDs are shown in Figure 3a and other parameters tabulated in
Table 2. Reported electroluminescence line-widths of CQW-
based LEDs are 21 nm for cyan,’® 10 nm for green,*® and 25-30
for red (e.g. Figure 3b),”>77 which represent the narrowest
emission of any solution-processed materials thus far
reported.”’>’7 Deeper blue or violet LEDs based upon CQWs
have not yet been reported and the relatively low quantum
yields of these systems are likely to impede performance.
Alternatively, CdSe CQWs doped with copper display two-color
electroluminescence which is tunable with voltage.8° Both core-
only CQWs and core/shell have been used as the emissive layer
in LEDs, with type | core/crown type samples preserving narrow
green electroluminescnece.6.78

CQW-based LEDs share architecture with colloidal quantum
dot LEDs, as shown in Figure 3c.8! Both normal”’’ and inverted”®
geometries are known with organic’374 or inorganic’” hole- and
electron-transporting layers. In many cases, no ligand-exchange
chemistry is used on the CQWs’7-7? but ligand-exchange with
short-chain mercaptopropionic acid is also reported.”> Until
recently, the efficiencies of CQW LEDs lagged other nanocrystal-

This journal is © The Royal Society of Chemistry 20xx
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based LEDs. However, recent work has demonstrated external
quantum efficiencies > 19 %, which have been achieved in high-
quantum yield CdSe/CdxZni14S core/shell CQWs.”7 Maximum
luminescence values achieved in LEDs reach > 30000 cd-m-2 in
multiple instances#’-78 with turn-on operating voltages < 2V.%
Underpinning most of this improved performance is improved
engineering of the CQW core/shell materials which have higher
photoluminescence quantum yields preserved in the solid-state
films used in devices. Other benefits come from engineering
charge transport layers for durability, energy alignment, and
balancing of injection.”* The use of close-packed CQW films in
LEDs presents challenges relative to quantum dots due to
efficient FRET. Homo-FRET quenches emission by facilitating
transport to a defective ensemble members.32 The potential for
funnelling excitations via FRET, however, remains valuable.

Challenges remain. Blue electroluminescence has not been
demonstrated yet. Peak brightness of CQW devices is lower
than the exceptional record of 218800 cd-m=2 of colloidal
quantum dot films.82 In most devices, roll-off in efficiency occurs
at higher current densities as shown in Figure 3d. Often
attributed to thermal or Auger effects, CQWs should at least
have advantages in this respect arising from long Auger
recombination times.®3 Operating stability of CQW LEDs
remains quite poor, although some geometries have
demonstrated reasonable air-stability.”* The longest lifetime
reported thus far is estimated at 12.8 hours, through improved
engineering of charge transport layers and encapsulation.””

An area which remains for exploitation is emission dipole
alignment, which can raise the external efficiency limit of an LED
from ~20 % for a random distribution to ~40 % for an aligned
sample. This effect is exploited extensively in organic light-
emitting diodes.®* A “face down” geometry affords plane-
polarized CQW emission improved escape efficiency through
reduced total internal reflection of emitted light. (In
monolayers, the face-down geometry will also eliminate FRET.)
Although there is no intentional control of this effect in CQW
LEDs, data on the angular-dependence of electroluminescence
shows deviation from Lambertian expectations which may arise
from CQW alignment.”>

Table 2. Representative characteristics of reported CQW light-
emitting diodes

Composition A/nm Von EQEmax/% Lmax/cd-m2

CdSeyS1x"° 496- <2.5 -- 100
520

CdSe/Cds 556 2.25 5.0 33000

core/crown’8

CdSe/Cds 516 2.96 0.32 1096

core/crown?®

CdSes8o ~515 2.1 0.016 210

Cu:CdSe80 broad 2.4 0.146 1153

CdSe/CdznS75 645 4.7 0.63 4499

CdSe/CdznS74 658 4.0 8.39 --

CdSe/CdznS77 618- 2.4- 19.2 23490
650 2.6

This journal is © The Royal Society of Chemistry 20xx
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5 Amplified Spontaneous Emission and Lasing

A Demonstrations of Amplified Spontaneous Emission and
Lasing

Epitaxial quantum wells have been studied as laser materials for
nearly 40 vyears® and CQWs demonstrate excellent
performance in applications related to optical gain and lasing.
Also reviewed elsewhere,*86 the chief advantages of CQWs in
this application, compared to colloidal quantum dots, are their
larger cross sections (>101% cm2 at pump wavelengths), the
narrow density of states conferred by atomic precision, and
slow Auger relaxation times, which may be hundreds of
picoseconds. Although typically not stated CQWs, also have
rapid intraband relaxation®”-2¢ and moderate or slow radiative
lifetimes (1 ns or longer at room temperature) which permit
population inversion.!

These advantages result in wide gain bandwidth,8® low
thresholds,#28%-°1 and large modal gain coefficients.?2 The
fluence thresholds for ASE of CQWs under femtosecond
excitation are as little as one-tenth of the threshold fluence of
the best examples of colloidal quantum dot materials.?3
Core/shell and core-only CdSe CQWs display amplified
spontaneous emission (ASE) spanning blue to red wavelengths
with thresholds, under femtosecond excitation, as low as 2.5
W-cm-2,1942,4585-91 Typical ASE spectra for CdSe CQWSs are
shown in Figures 4a and 4b. Low thresholds for multiphoton
pumping have also been observed, which is likely related to the
large two-photon cross section of CQWs (see section on Non-
Linear Optics).?%%4 CdS CQWs extend this spectrally into the
violet, albeit with higher thresholds (< 250 pJ-cm-2for core-only
ASE),*3 and alloyed systems permit tunability through the
visible.?> Although HgE CQWs are known with NIR emission, ASE
has yet to be demonstrated. It is valuable to note that modestly
low ASE thresholds are still possible in CQW systems with low
photoluminescence quantum yields because ASE may occur
faster than nonradiative channels which otherwise quench
emission.

In addition to these low thresholds for ASE, CQWs also
display high modal gain coefficients, which measure how much
light is amplified in a material per unit distance. Reported gain
coefficients for CdSe CQW solids reach 6600 cm™,92 determined
using the stripe-length method.?® Other methods suggest modal
gain as large as 15000 cm™.%7 For context, this is much greater
than quantum dots (normally < 200 cm-1),%8 larger than any
other reported material at room temperature, and greater than
modal gain in bulk CdSe (1000 cm-1) even at 2 K.?° An important
note, however, is that although measures of fluence threshold
or gain coefficients are indicative of an excellent gain medium,
these numbers are strongly effected by film quality (e.g.
scattering) and are not intrinsic to the materials. Further
reduction in ASE thresholds or increases in gain coefficients are
possible with better understanding or control of CQW solids.

The advantages of CdE CQWs as gain media have been
leveraged to develop lasers, initially with femtosecond pulses,
but subsequently extended to continuous wave operation. At
least three laser geometries have been employed: vertical
cavities, whispering galleries, and photonic crystals. The

J. Name., 2013, 00, 1-3 | 5
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simplest vertical cavity designs, which also have relatively wide
spectra of multimodal lasing (4 to 6 nm) and lasing thresholds
of 150-300 w-cm-2 include vertical cavities formed by Bragg
reflectors and silver mirrors.*2 All solution-cast vertical cavity
surface emitting lasers (VCSELs) have also been constructed
with Bragg stacks using solution-deposition of alternating layers
of silica and titania colloids (Figure 4c)?° or two commercial
reflectors®® under one- and two-photon excitation with
somewhat improved bandwidth of 2-3 nm, which is nonetheless
still multimodal. In one such VCSEL, room temperature CW
lasing is reported at a threshold of 440 W-cm=2, which is
remarkably low considering thresholds are more than 10 times
higher for colloidal quantum dots.?3 Recently, whispering
gallery lasers were demonstrated with coreless optical fibres,
showing multimodal lasing thresholds of c. 190 p-cm-2,100
Continuous wave operation at a threshold of < 1 pyW at room
temperature was achieved in a high quality factor (linewidth <
0.2 nm) linear photonic crystal made through
microfabrication.3> The nanobeam cavity (shown in Figure 4d)
enhances the spontaneous emission of photons into the cavity
mode, reducing the threshold. Thus far, LED-like geometries
with integrated distributed feedback cavities, considered the
most promising route to electrically-pumped lasing in colloidal
quantum dots, 10! have not been demonstrated with CQWs.

B Mechanistic Aspects of Amplified Emission

6 | J. Name., 2012, 00, 1-3

Energy (eV)

Figure 4. (a, b) Emission spectra of 3.5, 4.5, 5.5 ML CdSe CQWSs and 4 ML CdSe/3 ML CdS core/shells grown by colloidal atomic layer deposition below and above the ASE
threshold. Reproduced from Ref. 41 with permission from the American Chemical Society. (c) All solution-cast vertical cavity laser of CQWs with 2 nm emission bandwidth.
Reproduced from Ref. 88 with permission from the American Chemical Society. (d) Nanobeam photonic cavity used in continuous wave CQW laser operation with map of
the field enhancement. Scale bars represent 500 nm. Reproduced from Ref. 35 with permission from Nature Publishing Group. (e) Room temperature gain spectrum of 4.5
ML CQWs under various excitation fluences. Reproduced from Ref. 102 with permission from The Royal Society of Chemistry. (f) Fluence-dependent emission of 5.5 ML
CQW film at 80 K showing the emergence of ASE from the red feature of the photoemission. Reproduced from Ref. 34 with permission from the American Chemical Society.

As noted above, the properties of CQWs which are generally
considered to explain their excellent performance as gain media
large cross-
sections, large density of states, and slow Auger recombination.

are absence of inhomogeneous broadening,

CQWs have much larger absorption cross-sections than for
(smaller) semiconductor nanocrystals of the same composition.
The linear absorption of CQWs scales with the lateral area for a
given thickness of CQW and reported cross-sections at the band
edge are c. 1x1016 cm2 2.5 ML,192 5x10-14 cm-2 for 4.5 ML, 1x10
14 cm-2for5.5 ML.103 The large density of states conferred by the
atomically-precise CQWs narrows the spectral band of occupied
states under population inversion. Unlike quantum dots, for
which ensemble heterogeneity means that only a fraction of the
sample has emission overlapping a given cavity mode, all of the
CQW ensemble can participate.

Most reports indicate that ASE and lasing in CQWs are
derived from the biexcitonic state, due to large exciton binding
energies of CQWs from low dielectric environments, rather than
an electron-hole plasma, as occurs in most epitaxial quantum
wells including II-VI systems.104-106 The exciton binding energies
of CQWs are estimated between 150-250 meV, with larger
values for thinner CQWSs.729%107 This biexcitonic emission is
evidenced by a redshift from the single exciton
fluorescence.*2°1 |n epitaxial systems, substantial gain occurs at
high fluences (or currents) at which excitonic absorption is

This journal is © The Royal Society of Chemistry 20xx
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bleached!%® and biexciton gain is observed only at lower
temperatures, where weaker excitonic absorptions of epitaxial
wells are preserved.1%5 By contrast Figure 4e shows that
excitonic absorptions are still observed at room temperature in
CdSe CQWs for fluences of >700 w-cm2.104 Recent work has
suggested a reframing of the biexciton picture in favour of
“excitonic molecules” in which multiexcitons can associate or
dissociate.?” The authors propose that a persistent population
of dissociated excitons explains the simultaneous appearance
of both optical gain and excitonic absorption.

Regardless, a critical aspect of gain in CQWs is competition
with Auger relaxation. As-prepared, CQWs have long biexcitonic
Auger relaxation times compared to quantum dots, reaching
hundreds of picoseconds, chiefly due to larger separation of
multiexcitons.83.87,89,109 Because non-radiative Auger competes
with ASE, slow Auger processes permit longer gain lifetimes in
CQWs.*?2 Data on volume-scaling of Auger relaxation in CQWs is
conflicting. For quasi-spherical nanoparticles, Auger relaxation
abides by linear volume scaling.119 In one report, CQWs showed
essentially no change of biexcitonic Auger recombination time
with lateral area at a given thickness;*? in another, the same
parameter is said to vary linearly with volume and to the 7th
power with thickness.10° Auger recombination may be further
slowed in core/shell geometries. CdSe/CdS CQWs made by
colloidal ALD show non-monatonic growth in biexcitonic Auger
relaxation times, which are longest (up to 700 ps) with 2-4
monolayer shells.1! Growth of type Il CdSe/CdTe core-crown
structures also slows Auger recombination to as long as 1 ns and
permits long gain lifetime through the spatial separation of
charges.112113 Use of graded interfaces, which suppress Auger
in colloidal quantum dot core/shells, have not yet been
demonstrated controllably for this application.

Several questions remain unresolved, including a complete
picture of temperature-dependence, observations of electron-
hole plasmas (if possible), or the influence of microstructure on
optical gain. Sensitivity to temperature, and its influence on
thresholds, modal gain coefficients and spectra, or the
underlying photophysics of population-inverted samples have
not been studied systematically. Lower thresholds are
anticipated at lower temperatures, with temperature sensitivity
intermediate between insensitive quantum dots!* and bulk
materials.11>116 |t is also reported that gain saturates at lower
values at low temperature due to the giant oscillator effect, 117
although direct measurements of absorption strength do not
show substantial enhancement!17.11® and measured exciton
sizes are small.11? As an example of still unclear details of ASE in
CQWs, Figure 4f shows emission of 5.5 ML CdSe CQWs at 80 K
as a function of fluence: ASE emerges from the red emission
feature, which has a disputed origin, not the band-edge
emission feature.3* At the same time, low-temperature gain
spectra do not show any unusual behaviour in this respect.11”
Another element which may contribute to the performance of
CQW gain and lasing applications, but has not been investigated
meaningfully, is the microstructure of CQW ensembles.
Turbostratic disorder and its role in CQW lasing is not well-
studied: it is speculated that highly-ordered CQW lamellae can
cause parasitic scattering, but at the same time, permit higher

This journal is © The Royal Society of Chemistry 20xx
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density and potentially higher gain coefficients.8 Dipole
alignment enforced by CQW stacking may reduce ASE or lasing
thresholds by raising effective chromophore density.

6 Other Optoelectronics

A Transistors and Photodetectors
Similar to colloidal nanoparticles, transport measurements
have been performed using arrays of CQWs. Use of arrays
ensures relatively low mobility limited by charge transport from
one CQW to the next, although the large lateral size of CQWs
should permit single CQW devices. Presently, however, no
equivalent to high electron mobility or modulation-doped
electron transistors exists for CQWs.120 A step toward single-
CQW transport was made by draping CQWSs over a well-defined
40-50 nm trench to prepare a transistor, although in this case,
it still involves transport of many CQWs.121 Single CQW devices
are very likely achievable, with potential similar to single
nanowire or nanotube transistors. A larger barrier to realizing
such devices is control over doping, either impurity or remote
doping. Controlled modulation of carrier type in CQWs is limited
to phototransistors of HgTe CQWs which have been made in
both p-type and n-type using ethanedithiol and sodium sulphide
capping ligand chemistry, respectively.122

Arrays of CQWs in principle have advantages for transport
compared with colloidal nanoparticles. CQW arrays have been
used in transistors!23 and detectors.121.124125 They can be paired
with other two-dimensional materials or colloidal nanocrystals
to manipulate charge or energy.126-128 Compared to quantum
dot arrays, their larger size and high aspect ratios improve
percolation.? Their atomically-precise structure reduces site-
energy dispersion, which should enable band-like transport and
emergent electronic structure similar to epitaxial quantum
wells12® or close-packed colloidal nanoparticles!30-132 with
appropriate control over the inter-CQW distance and the
dielectric environment. Solids of stacked CQWs also open the
possibility of excitonic transport via FRET, which is extremely
fast in CQWs3132 compared to other nanocrystals,133 and even
recently demonstrated to facilitate ASE.134

In practice, reported electrolyte-gated thin-film transistor
mobilities of CQW arrays are modest: 102-103 cm?2.V-1.s'1,123
They do display very high on/off ratios, up to 108, and sub-
threshold slope of up to 78 mV per decade.’3> The greatest
success has been the use of CQWs for detectors, which prize not
only mobility, but also lifetime and extinction coefficient. Planar
photodetectors, such as the figure 5a, and phototransistor
geometries have been applied to both visible and short-wave
infrared spectral ranges using CdSe, CdTe, or HgTe
CQWs.2122,124125 Moving from a planar photodetector to a
phototransistor geometry (with electrolyte gating) permits a
large increase in photocurrent.124 Short-wave IR detectors using
HgTe/CdS CQWs show detectivity of 10° Jones driven in part by
improvements in minority carrier lifetime compared to
quantum dot analogues.’?> In current geometries, it remains
unclear if CQWs can improve upon results with quasi-spherical
nanocrystal.
B Electro-Optic Modulation

J. Name., 2013, 00, 1-3 | 7



Journal of‘Materials' Chemistry'C

h Energy (eV)
13 14 1.5 1.6

a : ; 2
10t 3.5 ML CdSe NPLs M_
Electric field (kV.cm™) P (a)
5 10 15 20 E o
10 . < 10%F 1
illuminated : g \2sutotem
<10
2107 = > —e—77520nm* ]
< g0’ 0+ SRto o2
= = ¥ *+0- 0 O oy £(880nM)
8 107 5 €10 7 —o—17x11nm? 1
5 & ¥ ++0+ SR {0 6 (800nm)
° = 100 s s ' —~
2 ; + t t S
‘@10 10 10 10 5
©10 Power density(W.cm™) | <
o e | 8
. _.z:2*"" Case/CaS NPL | + 45
107 4 .57 glass substrate 2
L7 ,” Dark back illumination (b) é
10 Laser:50mW.cm™ | N . ¢ <
0 5 10 15 20 26 28 30 32

V. (V)

DS

Energy (eV)

Figure 5. (a) CQW-based photodetector showing a large increase in photocurrent relative
to dark current. Reproduced from Ref. 122 with permission from the American Chemical
Society. (b) Two-photon absorption (top) as a function of energy and (bottom) linear
absorbance of CdSe CQWs. Reproduced from Ref. 147 with permission from the
American Chemical Society.

Modulation of absorption by electric fields (Stark effects) of
quantum-confined nanostructures is substantially greater than
in bulk materials, leading to what is termed the “quantum-
confined Stark effect”.13¢ The large, fast electroabsorption
modulation of quantum well excitonic absorption in applied
electric fields is a promising route toward modulating optical
data transmission or developing optical interconnects.137 |n
practice, static electric fields induce a bathochromic shift of
quantum well excitonic absorption as well as a broadening of
the absorption features weakening of absolute intensity.138 The
quantum-confined Stark effect is substantially stronger in CQWs
than in nanorods or quantum dots.13° In part, this is attributable
larger exciton binding energies and the narrower bands of the
CQW ensembles, which concentrate spectral changes in
excitonic absorption, but it is also due to stronger dielectric
The promise of CQWs for
electroabsorption modulation (or electric-field modulation of
photoluminescence)149.141 at the band edge is high. But further
demonstration in thin films, particularly with CQWs in the NIR
(below silicon bandgap) with controlled orientation using low

screening in  nanorods.

voltages are important to access viability.

7 Non-Linear Optics

Epitaxial quantum wells are exploited in non-linear optical
devices beyond gain media. Probably the most prominent use
of nonlinear optics of epitaxial quantum wells exploits saturable
absorption of excitons in mode-locked lasers, particularly
integrated with Bragg reflectors in semiconductor saturable
absorber mirror (SESAM) lasers, an important component in
many pulsed laser systems.!*2 CQWs share the large cross
sections and energetic structure which make epitaxial wells a
preferred saturable absorber for these devices. The absence of
substantial lateral carrier diffusion in CQWs (due to the finite
lateral area) can slightly depress saturation intensities.143144
There are a small number of investigations of CQWSs as saturable
absorbers.36:145,146 The reported saturation thresholds of CdSe
CQWs range from 30-100 MW/cm?2, with increases for thicker
CdS shells.145146 When CdSe/CdS CQWs were placed on a silicon
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nanobeam cavity, the cavity quality factor improved at higher
fluences due to reduced absorption losses, demonstrating that
this effect can be coupled to photonic architectures.3® However,
the large exciton binding energy of CQWs may also represent a
liability in saturable absorption applications: the persistent
excitonic absorption manifest in gain spectra (Figure 4e)
diminishes the efficacy of saturable absorption. Prospects for
core/shell species, which should reduce exciton binding energy
through greater dielectric screening, in this application should
be better.

Several works have examined the two-photon cross section
of CQWs.146-150 These have found unusual superlinear volume
scaling (o< V?) of two-photon absorption cross-sections, shown
in Figure 5b for CdSe CQWs, as much as 10 times larger (107 GM)
than other nanocrystals.1#? Such high two-photon cross sections
suggest CQWs would be excellent candidates for two-photon
imaging. This observation was subsequently explained based
upon polarized two-photon absorption and theoretical analysis
as deriving from spatially-correlated bound excitons—i.e.
occupying a similar, smaller space than the boundaries of the
CQW.%7 Similar to epitaxial quantum wells, CQWs have excitons
smaller than the Bohr radius, close in size to the CQW
thickness.11%.12% The efficient two-photon absorption of CQWs
has been employed in autocorrelation of sub-bandgap pulses,
exploiting two-photon absorption detected by
photoluminescence, with sensitivity up to 2 orders of
magnitude higher than second harmonic detection with bulk
materials (e.g. CdS).

Two areas of non-linear optics which have seen little
treatment for CQWs—despite demonstrations with epitaxial
quantum wells—are the characterization of CQWs for optical
(AC) stark effects or frequency mixing processes. Optical Stark
effects have been extensively studied in epitaxial wells,>1 and
recent works on other two-dimensional materials!>2153
demonstrate that this effect can be exploited for optical
switching or spintronics. Optical stark effects in CQWs are
substantial and observed in experiments on using below band-
gap excitation,’* but they have not been mined for their
fundamental insights or applications. Similarly, asymmetric
epitaxial quantum wells have demonstrated efficacy for
frequency mixing. For example second harmonic generation
1900 times more efficient than GaAs on resonance with the
intersubband transitions (See next section) of asymmetric
quantum wells.13> Here, there remains a substantial barrier for
CQWs: due to the symmetry of CQW synthesis there is presently
no route to asymmetric wells.

8 Intersubband Applications

Despite the use of intersubband optical transitions of epitaxial
quantum wells in quantum cascade lasers (QCLs)!%® and
quantum well infrared photodectors (QWIPs),157 they have
been sparingly-investigated in the case of CQWs. Both QCLs and
QWIPs are unipolar devices which operate by exploiting the
cascade of multi-quantum well energy states which occurs in an

This journal is © The Royal Society of Chemistry 20xx
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Figure 6. Cartoon showing intersubband transition between electron subbands and the
spectroscopically observed intersubband transitions of CdSe CQWs of varying thickness.
Data of change in absorbance are reported from transient absorption measurements
under 400 nm pump excitation. Reproduced from Ref. 156 with permission from Nature
Publishing Group.

applied electric field. In typical QCLs, electrons tunnel from the
lowest subband (n = 1) energy level of one quantum well to a
higher subband (e.g., n = 2) of the neighbouring quantum well,
followed by photon emission, with the process repeated
through the multi-well stack in a cascade.3¢ In QWIPs, incident
infrared photons resonant with intersubband transitions of the
quantum wells enhance the photocurrent between emitter and
collector terminals.157

In epitaxial quantum well systems, these technologies are
usually confined to the mid-IR and lower energies. Epitaxial
materials with intersubband optical transitions in the near-IR or
visible require very thin wells which are challenging to make
with atomic precision. Not so colloidal quantum wells: polarized
intersubband transitions of CdSe CQWs shown in Figure 6 occur
from 900 nm to 1550 nm, tunable with thickness and
temperature.’®® The bandwidth of these intersubband
transitions is narrower (for this energy range) than some of the
best examples based upon GaN and, for the thinnest samples,
reaches higher energy than any reported epitaxial quantum
well. Currently, intersubband absorptions are only observed
in CdSe CQWSs using transient absorption spectroscopy or
spectroelectrochemistry because the ground state of the
samples is undoped. The prospects for applying CQW:s to these
technologies are contingent on other challenges, such as
electronic doping, modulation of barrier heights, inter-well
spacing, and making effective electrical contact. But the key
element—intersubband transitions in at much higher energy
in place to establish these
technological possibilities. Use of colloidal material would relax
constraints on the geometry of QWIPs and in the case of QCLs,
the finite lateral size of CQWs may improve intraband relaxation
such that QCLs become more efficient.14”

with narrow line-width—is

9 Prospects and Conclusions

The prospects of CQWs for many of the applications described
in this review are already excellent: presently, no other
materials offer the saturated colours or solution-processability
which are so valuable in future downconversion films or LEDs.
The high modal gain, large gain bandwidth, and long gain
lifetimes of CQWs places CQWs in the company of materials
such as llI-V materials which are extensively used in mature
laser technologies. This is true even though benefits from
controlling film microstructure and alignment remain to be

This journal is © The Royal Society of Chemistry 20xx

Journal ofsMaterials' Chemistry C

mined fully. However, looming over much of these successes is
the fact that most CQWs synthesized to date include toxic heavy
metals (cadmium or mercury), and concerns about toxicity and
encapsulation represent substantial barriers to use in
commercial devices. This provides impetus to synthesis of non-
toxic analogues, which is probably the largest advance to enable
deployment of CQWs at large scale.

Many other optoelectronic applications of CQWs have not
yet been the focus of sustained research. Some applications,
such as electro-optic modulation, are probably straightforward
to reach with controlled orientation of CQW deposition. In
other areas, CQWs have all the essential properties, derived
from their electronic structure, for exploitation in, for example,
intersubband electronics or high-mobility transistors—but
hitherto lack necessary accoutrements, such as control over
doping. Synthetic elaborations to include doping, multi-well
structures, or asymmetric CQWs would enable devices requiring
emergent electronic structure (like QWIPs or QCLs) or uses in
non-linear optics.

One drawback of this review’s focus on technologies
inherited from epitaxial quantum wells is that by design it does
not cover new optoelectronic technologies exploiting the
properties of CQWs, such as very large exciton binding energies,
solution-processability, absence of inhomogeneous
broadening, high quantum yields, or efficient FRET. For
example, ease of integration of CQWs with other printing or
patterning technologies opens possibilities for excitonic
metasurfaces exploiting saturable absorption or electro-optic
effects, which are much more challenging to fabricate with
epitaxial wells. FRET-based transport of excitations may also
enable efficient devices in films with classically poor transport.
Another example may be optical refrigeration, which has been
proposed for epitaxial quantum wells15® but not practically
implemented.

Although this review has covered only II-VI CQWs in detail,
much of the essential physics and device opportunities apply to
other atomically-precise two-dimensional colloids, such as
perovskite plates169.161 or (as yet unrealized) I1l-V materials.. A
few through lines are emphasized here. First, CQWs are
excellent candidates for technologies which employ epitaxial
quantum wells. In addition to potential advantages associated
with low-cost deposition on arbitrary (including non-planar)
substrates, CQWs offer in some cases opportunities to expand
the spectral range and preserve narrower optical resonances
than those achieved in epitaxial systems, especially very thin
layers. Second, compared to other semiconductor nanocrystals
the strength of inter-CQW interactions, particularly FRET,
presents both new challenges and opportunities in device
performance. Last, in many applications the performance of
CQW devices has much unrealized potential for improvement
achievable through controlled alignment. Aligning CQWs will
take full advantage of their polarized electronic structure.
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