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Colloidal quantum dots (CQDs) have been a hot research topic ever since they were successfully fabri-
cated in 1993 via the hot injection method. The Nobel Prize in Chemistry 2023 was awarded to Moungi G.
Bawendi, Louis E. Brus and Alexei |. Ekimov for the discovery and synthesis of quantum dots. The Internet
of Things (loT) has also attracted a lot of attention due to the technological advancements and digitalisa-
tion of the world. This review first aims to give the basics behind QD physics. After that, the history behind
CQD synthesis and the different methods used to synthesize most widely researched CQD materials
(CdSe, PbS and InP) are revisited. A brief introduction to what [oT is and how it works is also mentioned.

Received 14th January 2024, Then, the most widely researched CQD devices that can be used for the main loT components are
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reviewed, where the history, physics, the figures of merit (FoMs) and the state-of-the-art are discussed.
Finally, the challenges and different methods for integrating CQDs into loT devices are discussed, men-

rsc.li/nanoscale tioning the future possibilities that await CQDs.

carbon footprint approaches. However, as with any emerging
technology, some difficulties need to be addressed in order to

1. Introduction
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The Internet of Things (IoT) can be described as a group of
objects that have one or more sensors, software, emitters,
receivers and many other instruments fixed onto them, and
can communicate between each other and other devices/
systems over the Internet or a communication network. It has
applications in many different fields including wearable elec-
tronics, smart home devices, retail, offices, worksites and fac-
tories." The main components that make up an IoT device are
an emitter and a receiver for communication with other
“things”, switches to control and a power source to power
these devices. Quantum Dots (QDs) have also attracted much
attention in the past few decades due to their properties. Some
of these properties are a tunable bandgap, narrow emission
width, high stability, electroluminescence (EL), photo-
luminescence (PL) and high PL quantum yield (PLQY), which
are desired properties for different applications like photovol-
taics, biomedicine, light-emitting diodes, photodetectors etc.>
An advantage of QDs is that they can be solution-processed,
meaning that they can be fabricated with lower cost and lower
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advance them to a point that they can be used commercially.
This review aims to provide a summary of 10T, its components
and how solution-processed quantum dots can be realised in
IoT applications.

2. Quantum confinement and
quantum dots

QDs are semiconductor nanocrystals with sizes ranging
between 2 and 10 nanometers, with the higher limit changing
depending on the exciton Bohr radius. Due to their small size,
they have properties that differ from their bulk counterparts.
For instance, nanofaceting, ligand and stoichiometry engineer-
ing in QDs can become an inherent advantage when used to
modulate band structures beyond what is traditionally possible
in bulk crystals.? A visualisation of a PbS nanocrystal and the
high-resolution high-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM) image of PbS
nanocrystals can be seen in Fig. 1(a) and (b), respectively.
Band theory, which uses an infinite-size system approxi-
mation, is used to calculate the electronic band structure in
bulk materials. However, when the size of the materials gets
smaller, this approximation breaks down and the properties of
the materials start to change. Quantum confinement effects
start to come into play as the dimensions of the materials
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Fig. 1
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(a) Visualisation of a passivated sulfur-rich PbS QD and (b) high-resolution high-angle annular dark-field scanning transmission electron

microscopy (HAADF-STEM) image of PbS QDs after cleaning with methanol.®

become smaller than their corresponding de Broglie wave-
length, given by

(1)

where # is the Planck constant, p = m.v is the momentum of
the electron and m, is the effective electron mass.!
Confinement in one dimension results in the formation of
quantum wells, confinement in two dimensions forms
quantum wires, and if a material is confined in all dimen-
sions, quantum dots are formed. This affects the density of
states (DoS) of the material, therefore changing its properties.
The DoS of a system is the number of states an electron or
hole can occupy at a certain energy per unit volume, and the
DosS for different dimension systems can be seen in Fig. 2. For
a bulk system, the DoS is a function of \/E, meaning that
above the conduction band energy Ec, the density of states
increases with energy.’ For a quantum well, the DoS does not
depend on energy, which means above a certain energy, a sig-
nificant number of states become available. For a quantum
wire, the DoS is a function of E~*'%, meaning that the density

of states decreases with energy. Another interpretation is that
all the states up to the Fermi level are filled at 0 K.® For a QD,
the confinement is in all directions and the DoS is expressed
as a delta function. This means that there are states available
only at certain energies, which makes the levels discrete.”

There are different levels of confinement regimes, which
can be categorized depending on the size of the material in
comparison with its exciton Bohr radius, given by

aneh® (1 1
Ay =—> (—,-" *)

q me My
where ¢ is the dielectric of the semiconductor, ¢ is the electron
charge and my;, is the effective hole mass.® The Bohr radius is
defined as the distance between the bound electron and the
hole. A strong confinement regime is when the material is
smaller than the Bohr radius, a weak regime is when the
material is larger than the Bohr radius, and an intermediate
regime also exists, when the material is smaller than either the
electron or hole Bohr radius, but larger than the remaining
one. The Bohr radii for commonly used semiconductor and

CQD materials are given in Table 1.
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Fig. 2 Showing the density of states for systems with different dimensions.

10948 | Nanoscale, 2024, 16,10947-10974

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr00203b

Open Access Article. Published on 24 April 2024. Downloaded on 06.03.2026 20:33:07.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale

Table 1 The exciton Bohr radii for widely used semiconductor and
CQD materials

Compound Bohr radius (nm) Ref.
InP 15 9
PbS 23 10
PbSe 46 10
CdTe 7 11
CdSs 2.5 12
CdSe 5.6 13
InAs 30 14
GaAs 11 15
CulnS, 4.1 16
MAPDI; 2.8 17
CsPbCl, 5 18
CsPbBr; 7 18
CsPbl; 12 18

QDs are said to be zero-dimensional structures, as the
charge carriers are trapped in all dimensions. In order to cal-
culate the bandgap and energy levels of a QD, a couple of
different factors need to be taken into account. The first one is
the bandgap of the material itself in the bulk form. The
second is the energy that results due to the confinement of the
particles. This can be approximated by the energy levels of a
“particle in a box”, which can be calculated by solving the
time-independent Schrodinger equation. The result is given by

w2 h?
Econf - W (3)

where m is the mass of the particle and d is the diameter of
the confinement.’ The final one to consider is the Coulomb
interaction between the hole and the electron inside the QD.
This can be expressed as

1.8¢>
2merend

Ecoulomb = (4)
where ¢, €, and g are the vacuum permittivity, relative permit-
tivity and charge, respectively. As a result, the bandgap of the
QD can be given as

1842
omd?  2meeyd

EgA QD — Eg, bulk + (5)

From eqn (5), one can see that the energy levels of a QD are
dependent on size, as well as their composition and shape.
The composition of the QDs affects the bulk bandgap, along
with the effective mass of the charge carriers, and the shape of
the quantum dot dictates the energy resulting from the
quantum confinement. The size plays an important role, as
same shape and composition QDs can be made in different
sizes to have varying optical properties. Larger QDs have
smaller bandgaps and therefore absorb and emit in longer
wavelengths. In contrast, smaller QDs have greater confine-
ment and larger bandgaps and therefore absorb and emit in
shorter wavelengths.

QDs can be made with different types of semiconducting
materials. These can be II-VI, III-V and IV-IV group com-

This journal is © The Royal Society of Chemistry 2024
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pound semiconductors. Perovskite materials have also been
used to make QDs. The structure of the QDs can also differ
depending on the application. The simplest QDs are formed as
core structures, meaning that the nanocrystals have no shells
around them. However, the dangling bonds and surface
defects resulting from the high surface area to volume ratio
will affect the luminance and QY of the QDs.*° Ligands have
been proved to be effective in improving the surface structure
of QDs by attaching to them and therefore improving the QY,
optical properties, and stability.>! Even with these improve-
ments, the stability and QY of the core QDs still suffer for com-
mercial applications. A core-shell QD (CSQD) structure
addresses this problem by passivating the surface and increas-
ing the QY. In addition, it provides additional protection
against environmental effects like oxidation and humidity,
increasing stability.

CSQDs can be classified into 5 different groups depending
on their bandgaps. These can be seen in Fig. 3. Type I CSQDs
have the core’s bandgap smaller than that of the shell, and the
conduction band (CB) and the valence band (VB) edge of the
shell are larger and smaller than the CB and the VB of the
core, respectively. This allows for a better confinement of
charge carriers in the core. Inverse Type I CSQDs have the
opposite, where the shell has a smaller bandgap than the core,
and the CB and VB edges of the shell are smaller and larger
than that of the core band edges, respectively. This allows for
the charge carriers to be more confined in the shell. In Type II
CSQDs, the CB and VB edges of the shell are smaller than that
of the core. This results in the electrons being more confined
in the shell region and holes in the core region. On the other
hand, in Inverse Type II CSQDs, the CB and VB edges of the
shell are larger than that of the core, resulting in the electrons
being more confined in the core and holes in the shell. In the
Quasi-Type II CSQDs, the VB edge of the shell is smaller than
that of the core, where the CB edge of the core and shell are
quasi-aligned. As a result, the electrons are delocalized and
the holes are mostly confined in the core.

Even though the theory for QDs was available and long
known, there were a lot of question marks on whether it was
possible to fabricate nanocrystals and use them in practice.
This changed in 1981 when Ekimov et al. successfully grew
multicomponent microcrystals inside silicate glass, and con-
tinued to publish 2 more works by 1985 extending the knowl-
edge on the topic.>*”*® The microcrystals were made of CdSe
and CuCl, and it was shown how different temperatures can
create a range of different sizes of microcrystals, going as
small as 30 A. A similar work was published by L. E. Brus and
his team in 1983 where the Raman and electronic spectra of
CdS crystallites (with a typical diameter of 45 A) in aqueous
solution were studied.?® Afterwards, in 1990, Bawendi et al.
successfully bound organic moieties to CdSe nanocrystals, by
reacting them with Se-phenyl. This made the crystals hydro-
phobic without altering their optical properties, which was the
first time these crystals were manufactured in a “free-flowing”
state.”” This paved the way for further improvement in 1993
when Murray, Norris and Bawendi successfully fabricated CdX
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Fig. 3 Different types of core—shell structured QDs classified based on their bandgaps and band alignments.??

(X =S, Se, Te) crystallites with their sizes ranging from 12 A to
115 A, and having size distributions <5% rms in diameter.?®
This method is now commonly referred to as colloidal syn-
thesis. For their work, Moungi G. Bawendi, Louis E. Brus and
Alexei I. Ekimov were awarded the 2023 Nobel Prize in
Chemistry for the discovery and synthesis of QDs.

3. Colloidal guantum dots

There are many different ways of synthesising QDs. They fall
under two main categories: top-down methods and bottom-up
methods. Top-down methods are wet-chemical etching, reac-
tive ion beam and focused ion beam. These methods start
with bulk materials and break them down into smaller nano-
crystals to form the QDs. Bottom-up methods can be broken
down into two groups: wet-chemical methods and vapour
phase methods. These can further be broken down into
different groups. Vapour phase methods are physical and
chemical vapour depositions, and epitaxial growth (e.g. mole-
cular beam epitaxy). Wet-chemical methods are aqueous syn-
thesis and organometallic synthesis, which include colloidal
synthesis.

Colloidal synthesis is a solution-processed method. Metal
ions, generally in organometallic compounds, are dissolved in
solvents and treated both chemically and physically to syn-
thesize the desired QDs with desired properties.”® CdSe QDs
were one of the first to be synthesized with this method and
therefore are one of the most studied. Murray, Norris and
Bawendi’s first proposed method used dimethylcadmium
(Me,Cd) as the Cd precursor and tri-n-octylphosphine selenide
(TOPSe) as the Se precursor, which were both dissolved in tri-
n-octylphosphine (TOP). Tri-n-octylphosphine oxide (TOPO)
was dried and degassed in a reaction vessel (often a flask) by

10950 | Nanoscale, 2024, 16,10947-10974

heating and flushing with inert gas. The precursor solutions
were mixed in a syringe in a glovebox. The heat from the flask
was removed and the contents of the syringe inserted into the
constantly stirred flask, in which a colour change could be
rapidly observed. After the heat was dropped to a certain
amount, it was restored. The time after the heat restoration,
and the increasing and decreasing of the solution temperature
dictates the size and the growth conditions of the crystals. The
nanocrystals that form in solution can be isolated and purified
with centrifugation. In this particular method, the solution
was mixed with anhydrous methanol, anhydrous 1-butanol,
and 2 more times with anhydrous methanol, each followed by
a centrifugation. TOP/TOPO-capped CdSe was obtained after
vacuum drying, and could be dispersed in different types of
solvents (alkanes, alcohols, organic solvents etc.).

Me,Cd is extremely toxic. It can cause irritation to the res-
piratory system, it is a known carcinogen, and long-term
exposure causes damage to internal organs. For these reasons,
different Cd precursors have been tested to produce Cd-based
QDs. Liu et al. in 2000 used Cd(ClO,), in mercaptoacetic acid
as a Cd precursor and Na,SeSOj; as the Se precursor.*® The size
distribution for this work was not reported, and the precursors
used still had acute toxicity. In 2001, Peng et al. aimed to use
less toxic and more scalable precursors and methods to syn-
thesize CdSe QDs. The first precursor tested was CdCl,, which
successfully created good-quality QDs. However, the Cd
complex still had to be prepared separately, and the one-pot
synthesis was not successful with this precursor. Therefore,
another precursor, CdO, was tested, and successfully syn-
thesized CdSe nanocrystals with a size distribution around
10%.%' Capek et al. in 2009 used Cadmium Carboxylate
(CdCAR) as the Cd precursor, mixing it with Hexadecylamine
(HDA) and 2-octadecene (ODE) in a four-neck flask. The solu-
tion was degassed at room temperature followed by degassing

This journal is © The Royal Society of Chemistry 2024
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at 100° under a nitrogen flow. Similar to the previous method,
TOPSe dissolved in TOP was injected into the solution after
the solution temperature was raised to the injection tempera-
ture. As before, <5% size dispersion in diameter was observed,
and a PLQY of 93% was obtained.*” In early 2014, Hou et al.
elucidated the fundamental radical reaction steps in the dis-
solution of elemental Se and S in non-coordination solvent
1-octadecene (1-ODE) and oleylamine with the view of facilitat-
ing the large-scale synthesis of CdSe QDs. They demonstrated
that the radical-mediated solubilisation of Se can be signifi-
cantly accelerated by the addition of azobisisobutyronitrile
(AIBN), a common radical initiator used in the polymer
industry.*

In addition to the CdSe QDs, PbS QDs also attracted a lot of
attention. The main advantage of PbS QDs over CdSe QDs is
the larger exciton Bohr radius (as seen in Table 1), allowing for
confinement effects to be observed at larger dimensions.
Furthermore, having a bulk bandgap of 0.41 eV has allowed
the synthesis of PbS QDs with bandgaps ranging between
0.7-2.1 eV, making them very suitable for uses in photovoltaic
applications.>*** There are two main methods used to syn-
thesize PbS QDs. The first method is the one-pot synthesis of
dihydrolipoic acid (DHLA)-stabilised QDs.*® Initially, lipoic
acid is reduced using excess sodium borohydride, producing
aqueous DHLA. The DHLA solution pH is then adjusted to 9
by the addition of NaOH. Lead(n) Acetate (PbAc,) solution is
then inserted into the solution with strong magnetic stirring,
followed by the addition of Na,S by drops. The colour change
of the solution to dark brown indicates the formation of PbS
QDs, and the process takes less than 30 min. The second
method uses a Schlenk line and widely reported materials:
octadecene (ODE) as the noncoordinating solvent, oleic acid
(OA) as the ligand, PbO as the lead source and bis(trimethyl-
silyl)sulfide [(TMS),S] as the sulfur source.?”*® PbO and OA are
mixed in ODE, degassed and heated up to 100 °C under vacuum
to dry the solution and form lead oleate. Depending on the
injection temperature, the solution is then heated or cooled
down, followed by the injection of (TMS),S in ODE. The tempera-
ture is kept constant for the reaction time and then quenched by
pouring isopropanol. Similar to CdSe, centrifugation processes
were used to separate and collect the QDs afterwards.

Even though there have been many advances in Cd and Pb-
based QD synthesis, the Restriction of Hazardous Substances
Directive has limited the use of heavy metals in electric and
electronic applications due to their toxicity. Even though this
restriction does not apply to solar cells (which is the main
application of PbS QDs), a lot of effort has been made to
produce heavy metal-free QDs to replace toxic elements. Some
promising candidates include InP,***° carbon,** Culns,,** and
perovskite,"> which have achieved near unity PLQYs, and
others like SnSe,** silicon,*” CuGaAlS,*® CuInZnS*” which have
achieved relatively high PLQYs (60-90%) and high quantum
efficiencies. This was possible by using different combinations
of core-shell or core-shell-shell structures as discussed in the
previous section. InP, in particular, has attracted a lot of atten-
tion due to the wide spectral tunability, strong absorption,

This journal is © The Royal Society of Chemistry 2024
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high carrier mobility and effective luminescence.*® It has been
one of the most promising heavy-metal-free CQDs. As
expected, there are a couple of different ways of synthesizing
InP QDs, using similar methods described above for CdSe and
PbS CQDs. One of the two*® main synthesis methods involves
reacting Indium(m) alkanoates [In(RCOO);, where R is an
alkylic chain] with organic silyl phosphine [P(SiR3);, where R
is an alkyl, most often methyl] with temperatures reaching up
to 300 °C. This produces CQDs capped by alkanoates. There
are a couple of issues with this method, due to the side reac-
tions that take place, which might in turn affect the final
product of the synthesis. Furthermore, the silyl phosphine pre-
cursors are pyrophoric, which is hard to handle and a higher-
risk chemical to use overall. The second method is reacting
Indium(m) halides (most often InCl;) with aminophosphines.
This method produces QDs capped with halide ions and alkyl-
amines. The second method is less used and studied but is
cost-attractive due to the cheaper precursors.

4. Internet of things

4.1. What is the internet of things?

The term “IoT” was first used and published in 1985 by Peter
T. Lewis, but was popularized by Kevin Ashton in 1999. IoT
describes an infrastructure, which enables advanced services
by interconnecting physical and virtual “things” based on the
continuously evolving technologies for information and com-
munication. A thing for IoT can be described as an object of
the physical world (physical) or the information world (virtual)
that can be integrated into networks and can be identified sep-
arately.”® One of the first academic papers that envisioned the
concept of IoT was published by Mark Weiser in 1991.>° He
mentions the use of hundreds of computers and devices in a
single room and even compares the scariness of this to the
scariness of carrying hundreds of volts inside walls when elec-
tricity was first implemented into our daily lives. He adds to
this with “People will simply use them unconsciously to
accomplish everyday tasks”. Since the publishing of his paper,
a lot of improvements have been made in terms of technology
and wireless communication. In 2003, when the world popu-
lation was 6.3 billion, there were about 500 million devices
connected to the internet. This gives a ratio of devices con-
nected to the internet to the world population of about 0.08.
In 2010, this ratio increased to 1.84, with the world population
being 6.8 billion and the number of devices connected to the
internet being 12.5 billion. Sometime between 2003 and 2010,
this ratio surpassed 1, which is interpreted by Evans as the
time IoT started to exist.>’ Some of the many potential appli-
cations of IoT are shown in Fig. 4.

In order to understand how IoT works, we have to first
understand some key computing concepts. Cloud computing
can be defined as a computing method where lots of low-cost
computing units connected by IP networks are used to provide
IT services.>® It is a metaphor for the internet, as it “looks over
everything else”, kind of like a cloud in the sky. Cloud comput-

Nanoscale, 2024, 16,10947-10974 | 10951
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Fig. 4 Different applications of loT categorized into 6 main categories.>?

ing works by collecting data over a shared data centre which
has the security, storage and power capacity, rather than doing
things locally. There are many advantages to cloud computing,
especially when it comes to storage, since access can be gained
anywhere where a connection can be made to the data centre,
i.e. via the internet. However, it is not always advantageous to
use cloud computing, especially in situations where a fast
response is necessary. Fog computing addresses this issue by
processing closer to the devices and sensors, while having con-
nections with the storage and network capabilities of the
cloud. Fog computing is often described as dense architectures
at the network’s edge.>® The name comes due to the fog
appearing nearer to the Earth’s surface, similar to how fog
computing operates nearer to the edge of the network. Even
though it has been successful in addressing some problems
with cloud computing, there are still drawbacks of fog comput-
ing due to communication from devices/sensors, power usage,
bandwidth etc. This led to the concept of mist computing,
which is at the edge of the computing network. Mist comput-
ing aims to make devices and sensors more independent of
the cloud network so that they can communicate and solve
problems even if there is a failure to connect to the cloud.>® It

10952 | Nanoscale, 2024, 16, 10947-10974

is important to understand that this does not mean that mist
computing is aimed to be used without the need for cloud or
fog computing. Each of these methods has its advantages and
disadvantages, and are proposed so that they can work
together to maximise the strengths and minimise the weak-
nesses. A representation of a communication network is
shown in Fig. 5. It can be seen that the core of the architecture
is the cloud, where the computational power, data storage and
bandwidth are the highest. As you move from the core towards
the edge, the responsivity and mobility of the devices increase,
as well as their cost and latency. The edge layer shown in the
figure represents the mist layer. However, the name “edge
layer” has been used to represent the fog layer in the past, and
so the use of “mist layer” makes it easier to distinguish
between the different types of computing methods.

The devices on the edge layer need different components to
be able to communicate with each other. The general
demands for the devices are to be low cost and producible on
a large scale. The demand for low carbon footprint devices has
also increased due to the net zero initiative many companies
and countries are aiming for. In addition, with the rapid devel-
opment of technologies, new applications are emerging that

This journal is © The Royal Society of Chemistry 2024
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require flexible and transparent devices/components. The
main components required for a smart IoT device to commu-
nicate with the rest of the network are:

« Switches

+ Emitter

* Receiver

» Power source

The emitter and receiver are required to send and receive
data, as their name suggests. Switches are required to control
the current flow to or from these components. A power source
is required to supply the power required for the devices to run.
CQDs have proved their potential in this area due to their pro-
perties and can be implemented in these devices. The next
section will aim to give information on the possible devices
that can be used for these components.

4.2. Colloidal quantum dot internet of things devices

After the successful synthesis and demonstration of CQDs, the
community was quick to start thinking of applications that
could make use of these nanocrystals. However, unlike the
bulk, the characterization of processes on the nanoscale was
not well understood then. It was important to try and fill the
gaps in the literature to overcome problems that might arise
from the emerging applications of CQDs later down the road.
Kagan et al. in 1996 used PL measurements to understand
electronic energy transfer in CdSe CQD solids.”>” Two different
size CQDs were synthesized and their PL measurements were
done separately in solution and as film. Then a solution and
film of 18% large dots and 82% small dots were prepared and
compared with their pure spectra. Comparison of QYs showed
quenching of the small dots’ emission and enhancement of
the large dots’ emission in the mixed film. Time-resolved PL
also showed a decrease in the small dot PL lifetime and an

This journal is © The Royal Society of Chemistry 2024

increase in the large dot PL lifetime in the mixed film, indicat-
ing electron energy transfer from small to large dots. The
authors then confirm that long-range resonance transfer
(LRRT) leads to electronic energy transfer in close-packed QDs.
Wang et al. did another study in 2001 to see the effects of an
electrochemical potential on CdSe QDs.’® IR and Visible
spectra obtained in their experiment showed direct evidence
that the electrons are injected into the 1S state of the QDs.
Applying a potential induces quenching that was visible to the
eye. It was deduced that the IR absorption was solely depen-
dent on the 1s electrons, whereas the PL could be strongly
quenched by the charges in the surface band-gap states. This
was an important finding indicating the importance of surface
passivation in CQDs. Another work published by the same
group in 2003 showed that with potassium or electrochemical
doping, it is possible to increase the occupation of the 1s and
1p shells in CdSe nanocrystals and increase the conductivity of
QD thin films significantly.>® Kagan et al. in 2003 talked about
the needs and rules for achieving Self-Assembled Monolayer
Field-Effect Transistors (SAMFETs).®® It was stated that new
synthesis methods that will make separation of byproducts
easier are necessary for reducing impurities that might domi-
nate electrical characteristics, and characterization must be
done at the molecular level to understand the origin of charge
transport in devices. Kovalenko et al. in 2009 used metal chal-
cogenide complexes (MCCs) as surface ligands on CdSe CQDs
as a replacement for the conventional organic ligands, and
controlled the conductivity of films by controlling the ratio of
MCCs to CQDs.°" Scheele et al. published a work in 2011 on
the thermoelectric properties of lead chalcogenide core-shell
nanostructures, showing a p-type to n-type transformation on
PbTe-PbSe due to thermally induced alloying.®” Works like
these paved the way for understanding charge transfer at the
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molecular and nanoscale, which paved the way for future
research on CQD devices.

4.2.1. Switches - thin-film transistors. Thin film transistors
(TFTs) are a type of FET. They are widely used in active matrix
displays to address individual pixels. The principle for a FET
was first patented by Julius Edgar Lilienfeld in 1926 where he
explained the control of electrons between two electrodes with
the use of a third potential between them.®® He improved on
this idea with two further patents, in which his proposed struc-
ture had a layer of copper sulfide in between a source and
drain, which are all separated from a third aluminium elec-
trode by a layer of aluminium oxide.®*®> Oskar Heil patented
another FET in 1934,°° but neither of them followed these
patents to show a working device. The first working FET was a
type of junction FET, fabricated by Jun-ichi Nishizawa and Y.
Watanabe in 1950. Following this, a lot of work was put into
FET research. Twelve years after the invention of the JFET, the
first TFT device was fabricated by Paul K. Weimer, using CdSe
and CdS thin films as the semiconducting layers.®”

The main difference between TFTs and other FETs is that
the semiconducting layers are deposited as a thin film. The
quality of the deposited films is generally lower compared with
other types of transistors, hence the mobility is generally
smaller. However, the main advantages of TFTs are that they
have simpler structures, meaning they can be manufactured in
fewer steps and at lower cost. The different structures used for
TFTs can be seen in Fig. 6. They consume less power, have
quicker reaction times and have higher, more accurate
response rates. For these reasons, they were the preferred type
of transistors for display applications. These properties make
them suitable for use in IoT devices as well.

Different materials have been researched for their use in
TFTs. In 1964, Klasens and Koelmans used SnO, as the semi-
conducting layer.®® Just 4 years after that, Boesen and Jacobs
used Lithium-doped ZnO as the semiconducting layer.”® These
were the first metal-oxide-based TFTs. However, they were fab-
ricated using vacuum-based methods like evaporation, which
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were costly. In addition, there were problems with their per-
formances, like poor modulation and no saturation of the
drain current. However, in the late 1970s, LeComber et al. suc-
cessfully fabricated a TFT using a-Si.”" This was a major break-
through in TFT technology due to the rapid popularity silicon
was gaining as part of the digital revolution. Following this, a
TFT using poly-Si was fabricated. Eventually, Si-based TFTs
were the first ones to be commercialized, in display appli-
cations. The next promising material for TFTs was organic
semiconductors as the channel layer. The main advantage of
organic TFTs (OTFTs) was their solution-processed nature,
which simplified the fabrication process and decreased the
costs. The topic of metal oxides being used as channel layers
for TFTs came back into the conversation when 3 different
fully transparent ZnO-based TFTs were fabricated by Carcia
et al.,”* Masuda et al.”® and Hoffman et al.,”* which used rf
magnetron sputtering, pulsed laser deposition and ion beam
sputtering to deposit the channel layers, respectively. This was
shortly followed by solution-based metal oxide channels. In
2005, Talapin et al. achieved both n-type and p-type channel
field-effect transistors (FETs) from PbSe nanocrystal films by
treating with hydrazine for n-type, and then desorbing hydra-
zine using vacuum or mild heating techniques, showing the
possibility of using CQDs as different types of channel layers
in FETs.”

When a potential difference is applied between the source
and the drain and the source and the gate, the current flow
between the source and the drain is given by

Vi
In = —uC; (VG —Vr— 7])) Vb (6)

where I, is the drain current, W and L are the channel width
and length, respectively, u is the mobility of the charge carrier,
C; is the capacitance across the insulator, Vg is the gate
voltage, Vp, is the drain voltage and Vr is the threshold voltage.
The transfer curve (defined as the I~V curve) and the output

A Source \ / Drain B Semiconductor
A Source \Wd—/ Drain
Gate dielectric Gate dielectric
/  Gateelectrode  \ /  Gateelectrode  \
Substrate Substrate
C  / Gateelectrode  \ D/ Gateelectrode  \
Gate dielectric Gate dielectric
FHEF ARt SoUrcs \ [t
Source  \ /  Drain e
Substrate Substrate

Fig. 6 Different structures of a TFT. (a) Bottom-gate staggered. (b) Bottom-gate coplanar. (c) Top-gate staggered. (d) Top-gate coplanar.®®
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curve (defined as the Ip-Vp, curve for different Vg values) of a
solution-processed In,O; TFT can be seen in Fig. 7(c) and (d),
respectively. There are different Figures of Merit (FoMs) that a
device can be measured by, which allows comparisons
between devices made with different methods, materials and
structures, and also allows measurement of its performance
and its potential use in certain applications. Most of them can
be derived from this relationship between Iy, Vg and Vp,. For a
TFT, there are four main FoMs.

Field-effect mobility. Carrier mobility measures how fast
charge carriers can move through a material. Different types of
mobility measurements can be done on semiconductors,
including Hall mobility, terahertz mobility, optical mobility
etc. In the case of transistors, the mobility is obtained from a
field-effect measurement, hence the name. Two different types
of field-effect mobility can be measured: linear region mobility
and saturation mode mobility. Linear region mobility is gener-
ally useful for amplification uses as the drain current is ampli-
fied in this region. It is given by the equation

Hiin = &m

WC;iVp

—Vd=30V 20
— Sqrt (Idrain)
100p{@vd=30v 16
-~ £
< ~
-G 128
= 5
7_3 144 8 !':
100n; . :%
10n1
v y . 0
0 1 2 3
Vgate (V)
Fig. 7
TFTs.”®
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where g, is the transconductance defined as g, = dIp/dVe.
This is only true for small Vp, values, where the I,-V relation-
ship is linear. The saturation mode mobility is useful for
switching applications since I, is saturated, and this is useful
for distinguishing between on and off states. It is given by

2L (dyR\®
Hsat = CI—W < dVG > (8)

and is only applicable where Vy, is large enough so that satur-
ation mode has been reached and the channel is “pinched
off”.

Sub-threshold swing. Sub-threshold Swing (SS) is a FoM that
measures the performance of FETs in the sub-threshold
region. It is a measure of how much Vg is required to increase
I, by one decade,”” and is given by

-1
oo (2l )"
dvg

)

SS must be as low as possible for transistors in digital circuits.
This ensures quick switching between the on/off states.”®

@Vg=0to3.0V
Step0.6V
120+
<
=
.E 80'
.
T
= 40+
0 - - .
0 1 2 3
Vdrain (V)

(a) The structure of an In,O5 flexible TFT on a flexible substrate. (b) A camera image of the TFTs. The (c) Ip—Vg and (d) Ip—Vp graphs of the
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Threshold voltage. Vr is another important parameter when
characterizing any type of transistor. For a TFT, Vr is the
minimum Vg required for the transistor channel to start con-
ducting. Vr can be experimentally obtained by measuring I
for a varying Vi while keeping Vp, constant. This allows one to
observe the change in the drain current with the increase of
Vi. Vr in this situation can be defined as the Vg where the
slope of the transfer curve starts to change significantly,
meaning that the current flow is increasing with the increase
of Vg.

On—off ratio. The on-off ratio is one of the most important
parameters for not only TFTs but any type of transistor. In
physical terms, it is the ratio of the I, when the device is
turned on to the Ip when the device is turned off. It can also
be defined as the ratio of the maximum I, obtained when the
device is saturated to the minimum I,. By definition, it is the
ability of the device to switch from on to off states, and the dis-
tinctiveness of these states from each other. Generally, high
on/off ratios are required for commercial applications.

State-of-the-art. The most common application of TFTs is in
displays, both in passive and active matrix addressing
methods. Based on its abundance and knowledge about its
processing, Si is the most used material for channel layers of
TFTs commercially. Amorphous (a:Si) and polycrystalline (p:Si)
are the two different types used in TFT manufacturing.
However, a:Si suffers from low mobility due to defects
(0.5-1 em? V™' s71),7° and p:Si suffers from higher costs and
difficulties in large-scale manufacturing. In addition, Si is not
suitable for flexible and transparent electronics, which are
becoming important properties for materials due to evolving
applications.

Due to the limitations of Si, different materials have been
researched in the past years. Some papers published in recent
years using different materials as channel layers are shown in
Table 2. It is important to note that the performances shown
are not only dependent on the channel material but also
dependent on the other structural properties including the
WIL ratio, dielectric thickness, dielectric material etc. However,
they are good indications of how far the research has improved
and the potential of the materials. One can see that high mobi-
lities can be obtained with both deposition methods and solu-
tion-processed methods. There is generally a trade-off between
different FoMs, i.e. spin-coated IGZO has the highest mobili-
ties but has quite low on/off ratios. The use of CQDs in TFTs
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has been challenging, due to the typically low carrier mobili-
ties ranging around 107*~1 cm® V™' s™'. Mobilities and on/off
ratios reaching 27 ecm® V™' s7' and 10° respectively, were
achieved in 2012 using CdSe CQDs; however, this has not been
the case so far for heavy metal-free CQDs.** On the other
hand, CQDs have been proved to be more efficient when com-
bined with another channel layer, where the absorption pro-
perties of a CQD can be combined with the TFT. This is dis-
cussed in more detail in the next section.

4.2.2. Receiver - quantum dot field-effect phototransistors.
Different types of photodetectors have been proposed and
used historically. The structures of a photoconductor, photo-
transistor and photodiode with CQDs as active layers can be
seen in Fig. 8(a), (b) and (c), respectively. The phototransistor
is a type of transistor where the conductivity of the channel is
altered by incoming light. It combines the switching and
amplification properties of a transistor with the receiving
characteristics of a photodiode and photoconductor, which is
the reason it can be an important integration component. The
main advantage of phototransistors over other receivers is that
their gain is not limited to unity, since the signal can be ampli-
fied by changing the gate voltage.® This section will focus on
phototransistors, although the FoMs can apply to the other
mentioned devices.

The first phototransistor was announced by Bell
Laboratories in 1950.°° It was developed by John Shive, and he
proposed that instead of an electrical signal generating the
charges, light absorption could be used. He introduced the
concept of a new photoconductivity cell called the
“Phototransistor”. The structure of this device differed from
the transistor devices then available. The shape of the device is
cylindrical, where pill-shaped germanium with a dimple on
one side is secured with a retaining ring into a metal cartridge.
The “collector” electrode is a pointed wire in the centre of the
dimple. The device operation depends on the light absorption
of the germanium between the collector and the peripheral
contact, which increases the carrier concentration and
decreases resistance. One of, if not the, first field effect photo-
transistors (FEPTs) was reported in 1960 by Bockemuehl, 10
years after the announcement of the original phototransis-
tor.”" Bockemuehl was aiming to show the potential of II-VI
materials, particularly in photoelectric applications, in com-
parison with III-V materials which were already utilised in
transistors at that time. He made a device with a CdS channel,

Table 2 Range of materials used in the recent past as a channel layer in TFTs and their different FoMs

Material Process Mobility (cm? v~ s7) SS (Vdec™) Threshold voltage (V) On-off ratio Ref.
IGZO Sputter 7.78 0.27 1.34 107 81
Organic C;o-DNTT Thermal deposition 2.4 0.32 -1to -1.5 >10* 82
1GO Sputter 78.73 0.147 -1.07 >108 83
MoS, Wet transfer 52.8 0.226 -1 1.5 x 10° 84
IGZO Spin coat 85 0.14 ~—0.3 >10* 85
In,03 Spin coat 9.17 0.105 1.38 10° 86
Organic C8-BTBT Spin coat 18.3 — —4 10° 87
CulnSe, QDs Spin coat 0.7 — <5 10* 88
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Fig. 8 Structures of different types of CQD photodetectors: (a) a photoconductor, (b) a phototransistor and (c) a photodiode (TCE = transparent

conductive electrode).

a drain and source electrode on each side, and a Cu gate de-
posited at the top. He first studied the Source-Drain character-
istics with different gate voltages and then studied the current
increase with different wavelengths of light. This work was one
of the inspirations for Weimer that led to the discovery of the
CdSe and CdS TFT in 1962. Weimer even included tests in the
dark and under illumination as a comparison for the TFT per-
formance, which showed amplification due to light. Modern
FEPTs generally implement a bottom gate TFT structure and
expose the channel to incoming light. Another possibility is to
cover the channel with a more light-sensitive material to allow
better light absorption. Due to the similar working principle,
the FoMs of FEPTs are similar to the ones of TFTs, with
additional ones that are used to understand and compare the
light-absorption aspects.

Photoresponsivity. The first FoOM to mention is the photo-
responsivity, given by the equation®?

_ J] photo
Pin

PR (10)
where Jphoto is the photoinduced current density, Py, is the
incident light power density and PR is the photoresponsivity,
having units of AW™". The photoinduced current density can
be calculated by finding the difference between the photo-
current Ipporo and the dark current Igar, and dividing it by the
cross-sectional area of the direction of travel. The difference
between Ipoto and Igark gives the magnitude of the current that
is solely a result of the incident light.

Photosensitivity. Another FoM for phototransistors is the
photosensitivity P, given by®®

. Iphoto — Idark

PS (11)

Taark
PS is the ratio of the photoinduced current to the dark current
and is commonly referred to as the optical-switching or the
photoswitching ratio.
Specific detectivity. The specific detectivity (D*) is a measure
of the weakening of the detection of light. It can be calculated
from the PR, device area and noise level, and is given by®®

__PRYA
==

D*

(12)
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where A is the active area of the device and S,, is the noise spec-
tral density. For a high bandgap device, S, can be estimated by
Sn = v/2qI4ark, assuming that shot noise is dominant.

External quantum efficiency. The external quantum efficiency
(EQE) of a phototransistor can be defined as the number of
charge carriers detected to the number of photons that are
incident on the active area of the device. It can be calculated
using®?

Jphom/q — PR x i

EQE =
QE = p T hw

(13)

where % is the Planck constant and v is the frequency of the
emitted photons.

State-of-the-art. FEPTs have great potential in future IoT
applications, since they bring together properties of two
different devices, and can save space when integrating with
other devices. Different structures are used to make FEPTS. As
mentioned in the section above, some structures use a photo-
active channel layer whose resistance decreases when illumi-
nated with light, while others try and implement photoactive
layers on top of more conventional channel layers used in
TFTs. Examples of this can be seen in Fig. 9(a) and (d), where
a PbS and perovskite QDs as active layers are used on MosS,
and IGZO channel layers, respectively. However, there are
inconsistencies when reporting phototransistor characteristics
and FoMs, due to their different applications. Different works
report more of the transistor FoMs, which are mentioned in
the previous section, due to the device properties being more
fit for switching applications. The transfer curve for the PbS
CQDsMoS, FEPTs can be seen in Fig. 9(b) with the output
curves shown in the inset. The output curve at different illumi-
nation levels can also be seen in Fig. 9(c). On the other hand,
others report more on the light-detection FoMs. The PR-Vg
graph of the perovskite QD/IGZO FEPT can be seen in Fig. 9(e).
Even then, not all works report all FoMs, as seen in Table 3.
The mobility for the devices is sometimes reported as the
mobility of the FEPTSs, whereas sometimes the mobility of TFT
without the active layer is reported, assuming that the pro-
perties of the channel will be similar. Different ranges of oper-
ation wavelengths can be obtained by changing the active layer
of the devices. The highest PR is obtained with heavy-metal-
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(a) The structure of a PbS/MoS, phototransistor, its respective (b) Ip—Vg graph (inset: Ip—Vp for different V) and (c) Ip—Vg graph at different

illumination powers.®® (d) The structure of hybrid perovskite QD and its (e) PR-Vgs graph.®*

Table 3 Range of different materials used in the recent past as a channel and active layer in phototransistors and their corresponding FoMs

Material (active/channel) Process p(em®>v7's™ PR(AW™) PS D* (]) Wavelength (nm) Ref.
CsPbBr; QDs/ZnO Spin coat/spray pyrolysis 21.81 567 107 6.59 x 10" 520 99
PbS QDs/MoS, Spin coat/CVD 3.4 5.4 x 10* — 10" 850 93
CdSe QDs/a-IGZO Spin coat 15.48 1.1 x 10* — 5.3 x 10" 520 100
P3HT:HgTe QDs Spin coat 5x107* >1 — >10™ <2250 101
HgTe QDs with As,S; Drop-cast 1072 0.1 — 3.5x10" 3500 102
MoS, Sputtering — 27 364 3.5 x 10° 405 97
PbS-1/IGZO Spin coat/sputtering 8.6 45.3 — 9.3 x 10" 1064 103
InP/MoS, Spin coat/wet transfer — 1.3x10° — — 532 104

based QDs, although InP-based FEPTs have been reported
with an order of magnitude smaller PR. However, CdSe-based
FEPTs show a very high D*, 4 orders of magnitude higher than
perovskite-based FEPTs. There are reported works on using
FEPTs in arrays for use as sensors. Bala et al. in 2022 demon-
strated a 7 x 7 array of MoS, transistors that can be used as
transparent image sensors.”” Chen et al. in 2024 showed the
use of a CQD-sensitized IGZO phototransistor array for neuro-
morphic vision sensors.”®

4.2.3. Emitters - quantum dot light-emitting diodes. Light-
emitting diodes (LEDs) are semiconductor devices that
produce light as a current passes through them. This happens
as a result of the recombination of electrons and holes in the
semiconductor, and the wavelength of light produced is
dependent on the bandgap energy of the semiconductor. The
structure of the conventional LED is essentially a p-n junction,
where the recombination happens inside the junction. One of

10958 | Nanoscale, 2024, 16,10947-10974

the first visible light LEDs was reported by Holonyak and
Bevacqua in 1962, where they used a GaAs;_,P, as the active
layer.'® The LED was revolutionary in the lighting world due
to the two main advantages they had over incandescent and
fluorescent lamps: efficiency and lifetime.'®® In addition to p-
n junction LEDs, another type of LED was in the process of
being developed, after the discovery of the electrolumines-
cence (EL) of organic molecules in the 1950s by
107,198 This was further studied by Kallmann and
Pope, where they injected holes and electrons into organic
crystals through electrolytes containing Nal.'°>''® They dis-
cussed the energy required to remove holes from the electrode
and inject it into the organic crystal. This was an important
step in the theory of organic LEDs (OLEDs) and the impor-
tance of work function for injecting charge carriers. The EL of
organic molecules was further studied by people including
Helfrich and Schneider''* and Williams and Schadt,'*? but the

Bernanose.
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EL was observed at high voltages around 100 V, and the
efficiency of the devices was really poor. The first practical
OLED was invented by Tang and VanSlyke in 1987."*% This
was the first time an extra layer was used in between the emis-
sive layer and one of the electrodes, to improve the carrier
injection. They used an ITO-coated glass as the substrate, an
aromatic diamine as a hole-injection layer, 8-hydroxyquino-
line aluminium (Algq3) as the emissive layer and an alloy
mixture of Mg and Ag as the top electrode. EL could be
observed at voltages as low as 2.5 V, and the EQE was reported
to be around 1%. After the breakthrough, many advance-
ments followed in the OLED industry. OLEDs were procured
that emitted at the wavelengths of the three primary colours
red, green and blue. Just 8 years after Tang and Van Slyke’s
practical OLED, the first white OLED was reported by Kido
et al. in 1995, which used 3 different emissive layers, each
emitting in the blue, green and red regions, respectively.'**
Just 4 years after that, Sanyo and Kodak announced a par-
tnership that later produced the first commercial OLED
display.'*®

The main advantage of OLEDs over other display techno-
logies is that they can be made into an active matrix. This
allows individual pixels to be addressed with the use of transis-
tors and capacitors, decreasing power consumption and
increasing refresh rates. However, the main disadvantage of
OLEDs is the problems with the device lifetime, owing to the
poor stability of organic materials. For display applications,
around 20 000 h of lifetimes is required with brightness levels
of around 100 cd m>.''® However, the brightness of OLEDs
drops especially when used at high luminance. The three
mechanisms responsible for this are dark spot degradation,
catastrophic film failure and intrinsic degradation.'’” For
these reasons, research into alternatives to replace organic
materials for emitters grew. Perovskite materials and CQDs
showed promising results for use as emitters in layer-stacked
LEDs. Even though perovskite LEDs (PeLEDs) have reached
EQEs of higher than 20% for green, red and NIR wavelengths,
they suffer from loss of EQE at high current densities, short
lifetimes, poor efficiencies in blue-emitting devices and access
to greater than 800 nm of peak wavelength due to bandgap
restrictions.’*® CQDs have also reached EQEs higher than 20%
for red and green-emitting devices, while also having lifetimes
that can reach up to 1 000 000 h, being comparable to or even
better than commercial OLEDs.'****® The FoMs of QLEDs are
shared with OLEDs and PeLEDs, as they share similar struc-
tures and applications.

External quantum efficiency. EQE is one of the biggest limit-
ations of layer-stacked LEDs. It is defined as the number of
photons that make their way out of the device to the number
of electron-hole pairs that are injected into the device. It can
be measured by measuring the power output of a device, most
often done by using an integrating sphere, and then using the
equation*??

_ Pout/hl/
Mext I/q

(14)
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where P, is the power output of the device, and EQE is given
as a percentage. Theoretically, EQE is a product of multiple
variables, given by'*?

Next = LEE X fjint = LEE X gefr X 57 X ¥ (15)

where LEE is the light extraction efficiency, and #;,, is the
internal quantum efficiency (IQE). IQE is a product of the
effective quantum efficiency g, singlet to triplet capture ratio
nsyr and y which is a constant dependent on the exciton
quenching and carrier injection balance. IQE values of some
devices have been reported to be 100%, but this is often a
measure of PLQY measurements which are material character-
istics, rather than IQE, which is device-specific."** LEE is the
dominant factor limiting the EQE, due to the structural nature
of the devices. The structure of a QLED with all its potential
layers is shown in Fig. 10(a). A hole transport layer (HTL) and
electron transport layer (ETL) are pretty standard in all pro-
posed structures, whereas a hole injection layer (HIL) is more
common than an electron injection layer (EIL), due to the less
efficient injection of holes. Regardless, since the light is pro-
duced in the emissive layer, it still has to make its way through
all the different layers and go through the transparent sub-
strate. This is particularly problematic since the refractive
index decreases from the emissive layer to the substrate,
causing total internal reflection (TIR) on each interface, and
decreasing the amount of light that makes it through.
Generally, the LEE values of OLEDs and QLEDs are assumed
to be around 20%, so even if close to 100% IQE is reached,
EQE is still limited by the LEE.

Current efficiency. Current Efficiency (CE) is another impor-
tant parameter for QLEDs. It can be defined as the luminous
intensity in the normal direction to the device (Z,(0°), lumi-
nous flux per solid angle) divided by the input current. It can
also be calculated by dividing the luminance L, (luminous
intensity per area), by the current density'*

(16)

where A is the active area of the QLED and the units of CE is
given ascd A,

Turn-on voltage. The turn-on voltage is the voltage at which
the device reaches a luminance of 1 m~>."*® It is an important
parameter since generally the lower the turn-on voltage, the
lower the range of operation voltages, and hence lower power
consumption.

Lifetime. Lifetime is an important parameter for QLEDs and
is different for various applications. For display applications, a
lifetime of >10 000 h is required.'”” There are different factors
that affect QLED lifetimes. These include PL quenching, non-
radiative recombination mechanisms (e.g. Auger recombina-
tion), Forster resonance energy transfer, and efficiency drops
at high currents.*®

State-of-the-art. QDs have been commercialized in display
applications under the name of “QLED” technology. However,
this technology makes use of the PL properties of QDs, unlike
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OLED technology which uses EL mode emission. In commer-
cialised QLEDs (CmQLEDs), the QDs are placed as a layer in
the LCD sandwich. They absorb the blue backlight and emit it
in their respective colours. The light then passes through
filters to produce the desired colour on the screen. It is essen-
tially LCD technology, with the performance being enhanced
by the PL characteristics of QDs. The difference in the struc-
tures can be seen in Fig. 11. In comparison with CmQLEDs,
OLEDs have better contrast, due to being able to switch light
emitters completely to achieve better blacks. In addition,
OLEDs generally have better uniformity and viewing angles in
comparison with CmQLEDs, due to the nature of the backlight
operation. However, CmQLEDs have brighter and more dis-
tinct colours in comparison with OLEDs. QLEDs mentioned in
this section use the EL properties of QDs, which means that
they can be made into AM structures just like an OLED. This
means that in theory, QLEDs will have all the advantages an
OLED has over a CmQLED, in addition to having brighter,
more distinct colours and potentially longer lifetimes. The
best-performing QLEDs in the past decades have been CdSe
based, which were somewhat comparable to the performance
of OLEDs. However, as mentioned in section 3, the use of Cd-
based products has been banned due to the toxicity of Cd,
which slowed down the process of commercializing QLEDs.
Table 4 shows examples of recently published papers on red,
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(a) The general structure of QLEDs. (b) The EL spectra and the (c) CD-V-L and (d) EQE-L-CE graphs of an InP-based QLED with different

blue and green-emitting OLEDs, CdSe-based QLEDs and
heavy-metal-free QLEDs. Examples of a typical red EL emis-
sion, CD-V-L and EQE-L-CE graphs can be seen in Fig. 10(b),
(c) and (d), respectively.

4.2.4. Power source - quantum dot photovoltaic cells. The
power source is essential for IoT devices since it supplies the
current required to run the device itself. Batteries have been
used extensively as power sources as they are quite cheap and
durable. CQDs have been shown to improve battery perform-
ance when made into quantum chain (QC) superstructures. It
has been shown that using QCs in lithium-ion batteries can
improve the ion transfer stability and capacity by 500% com-
pared with their bulk counterparts.’*® The schematic illus-
tration of this can be seen in Fig. 12(a). Regardless of the
improvements that can be made to the batteries, in the long
term, the transition to photovoltaics is a more sustainable and
durable solution for powering IoT devices. For this reason, this
section will focus on photovoltaic cells.

Photovoltaic cells (PVCs) are devices that convert photon
energy into electrical energy. This is possible if the incoming
light has energy that is greater than the bandgap energy of the
incident semiconductor material. The photon excites an elec-
tron across the bandgap of the material, producing an elec-
tron-hole pair. In the photovoltaic effect, unlike the photoelec-
tric effect where the electron is emitted out of the material, the

This journal is © The Royal Society of Chemistry 2024
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Fig. 11 (a) The simplified structure of PL mode commercialised QLED
TVs and their emission mechanism. (b) Structure of EL mode QLEDs and
their emission mechanism. PERMISSION.1?°

electron is confined in the material and so can be influenced
by electric fields and collected. After the discovery of the
photovoltaic effect by Becquerel, many people came up with
different ways of converting solar energy into electrical energy.
Reagan,"" Severy'*> and Weston'*® all patented forms of
“solar cells”, but all used the heat from the Sun instead of
making use of the photovoltaic effect. In 1946, Ohl was
granted a patent for making the first semiconductor p-n junc-
tion cell, which he called a “light-sensitive electric device”."**
The first photovoltaic device to talk about solar energy conver-
sion was in a Patent applied for in 1954 by Chapin, Fuller and
Pearson in Bell Laboratories, called “Solar energy conversion
apparatus”.* Si was used as an n-type body and Boron was
used with Si to produce a p-type body. Similar to other techno-
logies, Si was the prominent material due to its abundance

and mature technology, and is still the material used for com-
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mercial solar cells/panels. However, for high-performance and
efficiency applications, Si cannot perform due to having an
indirect bandgap. A typical PVC structure can be seen in
Fig. 12(b), where the CdS is used as an ETL, the PbS QDs as
the active layer and the ITO and Al as the electrodes.

One of the advantages of using QDs as an active layer in
solar cells is Multiple Exciton Generation (MEG). MEG is a
phenomenon where a photon with energy greater than the
bandgap of the incident material can create more than one
electron-hole pair. In bulk materials, this is called Impact
Ionization (II) and it does not become effective unless the inci-
dent energy is many multiples of the bandgap. This is due to
the rates of electron-phonon scattering being high, which gen-
erally converts the excess energy into heat. For example, in Si,
II does not become significant until the incident photon
energy reaches 3.5 eV which makes up less than 1% of the
solar spectrum.’*® On the other hand, in QDs, it is possible to
create 2 electron-hole pairs from a photon with energy twice
the size of the bandgap.

For solar cells, it is common to report current densities
instead of currents directly. This is to take the area of the cells
into account and make a more direct comparison of the per-
formance of the cells. A lot of important parameters can be
extracted from the current-voltage relationships of the solar
cell, which starts with the assumption of an ideal diode. The
ideal diode equation is given by'*”

Jaark(V) = Jo (exp (%) - 1)

where J, is the dark saturation current density, V is the voltage
applied across the terminals, & is the Boltzmann constant and
T is the absolute temperature. When light is illuminated on
this diode, a photocurrent Js¢ is generated. In this sign conven-
tion, the photocurrent is negative, and the dark current is in
the opposite direction, so the total current density through the
device becomes

1) =ao( e () 1) e

A typical J-V curve of a solar cell can be seen in Fig. 13. As
seen on the graph, Jsc can also be defined as the current
density through the device when there is no potential differ-

(17)

(18)

Table 4 Different materials used to make vertical LED structures and their corresponding FoMs

Material Process EQE (%) CE(cdA™) Turn-onvoltage (V)  Wavelength (nm)  Ref.
InP/ZnSe/ZnS QDs Spin coat 21.4 — 1.8 630 40
CdZnSe/CdZnS/ZnS QDs Spin coat 30 38.7 1.8 628 130
Organic 2SPAC-DBP-2tBuCz Spin coat 23.7 38.6 2.3 583 131
InP/ZnSe/ZnS Spin coat 16.3 57.5 2.2 545 132
CdSeZnS/ZnS/ZnS Spin coat 25.04 96.42 >3 524 128
Organic BCC-36:PO-T2T(5:1) + 12.5%]Ir(ppy).(acac)  Spin coat 32.5 50 3.5 ~520 133
CdSe/ZnS Spin coat 19.8 14.1 3.6 466 134
ZnTeSe/ZnS/ZnS Spin oat 18.6 12.9 — 459 135
Organic MetCz-ND Spin coat 11.7 23.84 34 479 136
Organic TDBA-DPAC Deposition  24.61 — 4.5V 450 137

This journal is © The Royal Society of Chemistry 2024
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Fig. 12 (a) Schematic structure of a CQD quantum chain incorporated into lithium-ion battery.*>8 (b) Structure of a typical CQD solar cell.*® (c)
J-V Curves at different indoor irradiances and their respective PCE values and (d) power density—V curves at different irradiances for a PbS-based

photovoltaic cell.**°
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Fig. 13 Current density—voltage graph for a photovoltaic cell, showing
the positions of important parameters.'48

ence, i.e. when the device is short-circuited. Another important
parameter for solar cells is the open circuit voltage V¢, which
is defined as when the potential difference has its maximum
value. In other words, it is when the dark current is equal to
the illumination current, so no current flows through the
device. It is given by

Voc :k%ln(]ﬁ—i-l)

T (19)
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The maximum power point (MPP) of a solar cell is the
maximum power output one can obtain from a cell, and the
current density and voltage that this happens at are denoted as
Jwmpp and Vypp, respectively. Finally, the Fill Factor (FF) gives
the ‘squareness’ of the j-V curve. It is the ratio of the
maximum actual power attainable from a solar cell to the
maximum theoretical power (obtained using the maximum
current density Jsc and the maximum voltage Vo), and is
given by

_ Jmpp X Vmpp
Jsc X Voc

FF (20)

Power conversion efficiency. Power conversion efficiency
(PCE), as the name suggests, is a measure of how much electri-
cal power is obtained in comparison with the power of the
incident light. It is a ratio, expressed in percentages, and is
given by

Pout _ Jsc - Voc - FF (21)
Py

External quantum efficiency. Similar to that of a phototransis-
tor, the EQE of a solar cell is defined as the ratio of the
number of electrons collected from the device (as a result of
incoming light) to the number of photons incident on the
active area of the device. It is given by the equation**’

hc

e = 7 X SR (22)

This journal is © The Royal Society of Chemistry 2024
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where c is the speed of light in vacuum, 4 is the wavelength of
the incident light and SR is the spectral responsivity. Spectral
responsivity is defined as amperes of current generated per
watt of incident light and is given by the equation

Isc

SR =
Pin (ﬂ,)

. (23)

Unlike in QLEDs, the IQE in solar cells can be measured.
The amount of light that is absorbed by the cell can be
measured and calculated for a solar cell, whereas there is no
way of knowing how much light is produced inside the QLED,
only how much makes its way out. The way to calculate the
true absorption (A) of a solar cell is to measure the trans-
mission and the reflection of the incident light off the solar
cell. Then, the IQE is just

EQE

= 24
Mmee =7 "7 _g (24)

where T is the transmission, R is the reflection and T+ R + A =
1. IQE is similarly given in % and is the direct measurement of
how many photons are absorbed in the active layer, and how
efficient current production from these photons is.
State-of-the-art. As the world aims to move towards decreas-
ing the carbon footprint and emission of greenhouse gases,
the transition from fossil fuels to renewable energy sources is
becoming more urgent. The problem is not only limited to the
source but also the use and waste of useful energy produced
from these sources. Indoor photovoltaics have attracted a lot of
interest, especially for IoT uses, due to their potential for con-
verting the energy from indoor lighting into electricity for
powering low-power-consumption devices. Not only does this
allow for converting some of the light that is wasted for light-
ing a room, but it also means self-powering devices can be
made which will need minimal human maintenance (e.g. no
battery replacements). There are reported works where signifi-
cant power efficiencies are reached when CQDs-based PVCs
are exposed to both indoor irradiances and outdoor irra-
diances. Fig. 12(c) shows the J-V graph at different irradiance
levels with their corresponding PCEs, and Fig. 12(d) shows a
power density-V graph at different indoor-outdoor irradiances
for a PbS CQDs-based PVC. A more detailed review of indoor
photovoltaics can be found in our previous works.'>**>*

5. Integration

Even though CQDs have been proved to be effective in separate
devices, there are still problems to overcome in order to inte-
grate them into commercial devices for future uses. Integrated
circuits (ICs) were one of the main drivers of the technological
revolution, since they allowed the integration of many smaller
components and transistors on the same substrate, which
decreased the cost and increased the power efficiency. The first
IC was made using Germanium in 1958, but Silicon ICs fol-
lowed shortly in 1961. Si is the second most abundant element
in the Earth’s crust after oxygen, which means it is quite

This journal is © The Royal Society of Chemistry 2024
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cheap. It can be processed and purified relatively easily, and
having a natural oxide that acts as an insulator means it can
be processed for both semiconductor and insulator uses.
Fabricating ICs requires conventional processes that include
deposition, photolithography, etching, doping and many
more. These processes allow the manufacturing of ICs on
wafers with sizes ranging from 1-12 inches. Some of these pro-
cesses require high vacuum and temperatures and generally
have high power consumption along with a high carbon foot-
print. As Si processing and technology matured over the years,
the uses of Si spread from electronics to optoelectronics as
well. Silicon-based receivers have been developed with high
resolution and on-chip processing functionalities mostly due
to their complementary metal-oxide-semiconductor (CMOS)
compatibility, which allowed for large-scale, cheap and high-
uniformity fabrication. However, two key limitations of Si have
resulted in the optoelectronic properties being inferior in com-
parison with other semiconductor materials. The first one is
the bandgap of Si, which is 1.1 eV, meaning it can only be
effective in the visible to near-infrared (NIR) region. The
second one is the bandgap being indirect, meaning an elec-
tron-photon interaction can only take place with an intermedi-
ate interaction with a phonon, leading to low absorption and
efficiencies. II-VI, III-V and their alloys have been used in the
making of optoelectronic devices for infrared applications due
to their direct bandgap and energies. However, the lattice con-
stants of such materials do not match with Si, resulting in
strains and defects, which in turn lead to decreased perform-
ance. Decreasing the strains and defects means lattice match-
ing with Si, which can be done with the use of strain-matching
layers. The number of strain-matching layers needed will
depend on the lattice mismatch between the required material
and Si, and complicates the processing and adds to the cost.
The optoelectronic properties of CQDs make them suitable
for use instead of or complementary to Si. The nature of CQD
solutions also means that there is no concern for lattice mis-
match. In addition, the solution processability of CQDs allows
the replacement of some of the previously mentioned pro-
cesses with solution processing methods, potentially simplify-
ing the fabrication process. However, solution processing tech-
niques have drawbacks in comparison with conventional tech-
niques, which make it hard to integrate with Si. Two examples
of popularly used solution processing techniques in the litera-
ture are spin coating and inkjet printing. Spin coating, for
example, can have uniformity issues when applied on large
areas due to the rotation speed difference in the centre com-
pared with the edge. It also has no selectivity, meaning it will
coat the whole substrate. Etching processes are required to
pattern the CQD films. In addition, spin coating only deposits
around 10% or less of the solution that is dropped, meaning a
lot of material is wasted, making it less feasible for commer-
cial uses. On the other hand, inkjet printing is a selective
method which can print patterns and structures accurately,
and all the solution that is dropped is actually used, so there is
less waste when compared with spin coating. One of the main
problems with inkjet printing is the ink preparation. Variables
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like surface tension and viscosity of the solution are very
important for the printability of the ink, which can be compli-
cated depending on the solution that needs printing. In
addition, feature size is also a big limitation for inkjet printers.
Minimum feature size can range between tens to hundreds of
micrometers, whereas some Si ICs use technologies that can
produce feature sizes in the order of nanometers. This is par-
ticularly important for devices where minimum feature size is
important. As can be seen in eqn (6), the drain current is pro-
portional to W/L in FETSs, so the performance can be improved
by using smaller channel lengths, which becomes a limitation.
This section will cover the possibilities and methods for inte-
grating CQDs with conventional technologies for use in IoT
applications.

The first ICs fabricated using CQDs were reported by Kim
et al. in 2012."*> In this work, they used CdSe CQDs treated
with thiocyanate ligand to demonstrate low-voltage inverters,
amplifiers and ring oscillators. It is also mentioned that con-
tinued advances can help solution-processable nanomaterials
to extend beyond unipolar circuits. CMOS makes use of comp-
lementary n-type and p-type transistors to make logic gates,
which are used in ICs. They are essential in processing units
and memory, which are used in almost every electronic device.
It has been shown previously that treating CQD films can
change their stoichiometry and electronic properties. Oh et al.
in 2014 have shown that treating PbSe QDs with Na,Se can
form p-type conducting films, whereas treating with PbCl,
afterwards can increase the electron concentration and form
an n-type film.">® Choi et al. in 2012 used In-doped Au con-
tacts on top of CdSe QD films which allowed for the facile
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thermal diffusion of In into the QD film.?® The In-doped QD
film showed a 100-1000 times increase in mobility. Yun et al.
in 2020 implemented similar techniques from both of these
works to heavy metal-free CQDs for their use in CMOS cir-
cuits.®® They used NH,I to treat CulnSe, CQDs and increase
the p-type characteristics. The same treated CQDs were made
into two different transistors with Au and In source and drain
contacts. The schematic structure of these transistors can be
seen in Fig. 14(a). The In from the contacts thermally diffused
into the CQD layer to dope and convert it to n-type. This
allowed the fabrication of CMOS circuit elements including an
inverter, NAND gate and a NOR gate, by using the same type of
CQDs with different material contacts. The structure and the
outputs of the NAND gate can be seen in Fig. 14(b) and (c),
respectively. Other active devices that are CMOS-compatible
have been demonstrated in the literature as well. Zhang et al.
successfully fabricated wafer-scale trapping-mode infrared
imagers using HgTe CQDs on Readout ICs (ROICs)."™* The
trapping-mode imagers work by trapping minority carriers by
a vertical built-in potential (arising from the junction between
intrinsic and doped CQDs), which decreases dark current and
improves efficiency. The fabrication of ROIC requires two con-
secutive spin coating processes, one for intrinsic and the other
for doped CQDs. The resulting imagers showed a photo-
response non-uniformity of 4%, dead pixel rate of 0%, and
detectivity reaching 2 x 10'" at 300 K for wavelengths <2.5 pm
and 8 x 10"° at 80 K for wavelengths <5.5 pm. Xu et al. demon-
strated a new architecture for a detector, named photodiode-
oxide-semiconductor FET (PHOSFET), that is compatible with
silicon transistors."®> The proposed structure uses a photo-

Fig. 14

(a) The schematic structure of a CQD CMOS inverter, (b) a schematic illustration (top), its picture (bottom left) and the circuit diagram

(bottom right) of a NAND gate made from the p and n-type CQD FETs and (c) the outcomes of the NAND gate for four different input configur-
ations.®® (d) Cross-sectional SEM image of the H-SiN/CQDs/L-SiN waveguide.'>® (e) Cross-sectional SEM image of a Y-splitter made from CQDs and

PMMA 158
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diode with n-type and p-type PbS CQDs, topped with a 20 nm
layer of Al as the top gate, which is separated from the Si
channel with a 10 nm-thick oxide layer. Simulations were run
that show the formation of a channel in the Si-oxide interface
as the photodiode was illuminated by light. Further tests were
made by connecting the photodiode to a commercially avail-
able MOSFET, which showed a PR of 5.9 AW™" at 1250 nm.
Photonics ICs (PICs) are another form of ICs that use
photons instead of electrons in circuits for processing. They
can increase bandwidth and transfer speeds, and decrease
power consumption in comparison with electronic ICs. In ICs,
the main component is the transistor. However, in PICs, there
is no “main” component. Active components like lasers and
detectors are used to emit and absorb light, and passive com-
ponents like waveguides, power splitters and amplifiers are
used to transfer, modify, redirect, etc. energy in between com-
ponents. Silicon is a well-established material for passive com-
ponents of PICs, but due to having an indirect bandgap, it
cannot compete with direct bandgap materials when it comes
to active components in PICs. For that reason, other materials
like GaAs and InP are used. However, as mentioned above,
using these materials complicates the manufacturing pro-
cesses and increases costs. Due to the optical properties of
CQDs, they are good candidates for use in PICs. For complete
integration, it may be essential to use them in passive com-
ponents as well. Xie et al. have demonstrated waveguides by
using CdSe/CdS CQDs with an emission peak of 625 nm along
with SiN.'®® A cross-sectional SEM image of this waveguide can
be seen in Fig. 14(d). A loss of 0.94 dB cm ™" and 1.88 dB cm™*
at 900 nm has been achieved at SiN deposition temperatures
of 270 °C and 120 °C, respectively. Rong et al. in 2019 demon-
strated 10 CQD-based PIC components (including laser,
bending waveguide, Y-splitter, MZ interferometer and low-
noise amplifier) using CdSe/ZnS CQDs with PMMA."> Liu
et al. in 2020 demonstrated a similar work by using PMMA
and CdSe/ZnSe/ZnS CQDs with an emission peak of
645 nm."® A loss of 36.2 dB cm™" was obtained with 800 nm
in straight waveguides, and other components including
lasers, Y-splitters, bending waveguides, MZ interferometers
were fabricated successfully. The cross-sectional SEM image of
the Y-splitter can be seen in Fig. 14(e). Unlike CMOS, the use
of the same CQDs for different components in PICs is a bit
more complicated. The low-loss waveguides by Xie et al. were
tested at a wavelength significantly longer than the emission
peak of the used CQDs, meaning there would be minimal
absorption losses to CQDs. However, using the same CQDs for
active and passive components would not yield similar low-
loss properties, due to absorption by the CQDs in the wave-
guides. Rong et al. compensate these losses with a low-noise
optical amplifier. However, this would mean more component
integration, which would complicate fabrication processes.
One particular work published by Wang et al. in 2017 shows a
method for direct optical lithography of inorganic nanocrys-
tals, which include metals, oxides and semiconductors.'”®
This eliminates the need for photoresist usage for patterning
CQD-based devices and circuits, and also is a solution to the

This journal is © The Royal Society of Chemistry 2024
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non-selectivity of spin coating processes, which can help inte-
grate different types of devices to circuits and help construct
ICs from CQDs in a simpler way.

CQDs have also been considered for use in lasers. The
main factors that led to the research on QD lasers result from
the fact that the atomic-like energy levels have a wide separ-
ation. This inhibits thermal depopulation of band-edge states
and reduces the optical gain threshold, since the separation
between the states is >kgT. In addition, it decreases the temp-
erature sensitivity, leading to more stable lasing."®® The main
challenges for CQD lasing come with the Auger recombination
rates. In bulk semiconductors, only particles above a certain
kinetic energy threshold can take part in Auger recombination
due to momentum conservation.'®* However, in nanocrystals,
this momentum conservation is relaxed due to the atomic
levels classified according to angular momentum, but not
translational.’®® This leads to increased Auger recombination
rates, which directly compete with stimulated emission. The
use of dense QD films with ultrafast pumping was what led to
the first demonstration of amplified spontaneous emission
with CQDs in 2000.'®® Since then, many optically pumped
CQD lasers (OPCQDL) have been reported. Dang et al. in 2012
reported RGB lasers operating by single-exciton gain in type 1
CSQD films and the first optically pumped CQD Vertical-Cavity
Surface-Emitting Laser (VCSEL), using CdSe/ZnCdS CQDs.'**
The ASE thresholds for the RGB lasers were 90, 145 and 800 pJ
ecm™, respectively, and the pumping threshold for the red
VCSEL was around 60 pJ em™". Foucher et al. in 2014 reported
a flexible laser with an average fluence of 450 pJ cm™' at an
emitting wavelength of 607 nm using an acrylate grating struc-
ture as a distributed feedback (DFB) laser.'"®> The gain
medium was CdSe/ZnS CQDS in PMMA, and the emission
wavelength could be tuned over a 18 nm range by the bending
radius. le Feber et al. in 2018 used CdSe/CdS/ZnS CQDs to fab-
ricate ring lasers with active colour control.*®® At 25 pJ cm™,
the CdSe core starts to lase. Increasing to above 100 pJ cm™*
results in green lasing from the shell, making an orange-like
emission colour. Above 250 pJ ecm™", the red lasing disappears
and a pure green emission can be observed. The main issue
with most of the published works is poor thermal stability.
However, this could be addressed by fabricating the lasers on
high thermal conductivity substrates, which is done for com-
mercial lasers. Also, other methods like embedding CQD-
assembled microspheres into silica matrix increases the heat
resistance, allowing operations up to 450 K as shown by Chang
et al.'®

To realise the full potential and applications of CQD lasers,
electrically pumped CQD lasers (EPCQDLS) are essential. CQD-
based EL devices have advanced greatly in the form of QLEDs,
as discussed previously in this article. The device structure of
QLEDs allows the efficient injection of carriers, essentially
forming a p-i-n structure. So far, the proposed structures for
EPCQDLs use a similar structure to that of a QLED but
additionally contain either an internal or external optical
cavity for feedback into the gain medium. The main issue with
using this structure is that the operating current densities of
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QLEDs are too low to realise lasing. Other issues are the
optical losses in the charge transfer layers of the QLEDs and
charge injection limitations that might be caused by integrated
optical cavities. Even though EPCQDLs still haven’t been fabri-
cated successfully, the increased understanding of the nature
of EL devices and facilitating efficient charge carrier injection
has enabled OPCQDL and dual-function LED devices.'”® Roh
et al. in 2020 reported an OPCQDL with a QLED structure, that
used a grated ITO for an integrated optical cavity.'®® The
different types of structures for optically and electrically
pumped CQD lasers can be seen in Fig. 15. Collective improve-
ments from these different subjects of research are now paving
a promising path to obtaining EPCQDLs.

Dual-function devices also add to the potential integration
of CQDs. Dual-function devices are devices that can have
different functions depending on the applied bias across
them. Ren et al. in 2019 implemented a heterojunction using
halide perovskite and CdSe/ZnS CQDs to make a device that
can operate as a multicolour LED, solar cell and a photo-
detector.’”! The device operates as an LED in forward bias,
and the recombination zone changes as the applied voltage
changes. At low voltages, a red emission can be seen from the
CQD layer. A green emission from the perovskite layer shows
up as the voltage is increased, and matches the red peak
around 3 V. Further increase of the voltage increases the green
peak to red peak ratio. The addition of a PCBM layer in
between the CdSe and ETL promotes electron injection, result-
ing in a FF of 0.72 and a PCE of 4.2% for solar cell appli-
cations. In addition, a PR of 6-10 mAW ™" is observed for light
detection below 525 nm. Kim et al. in 2021 demonstrated a
CQD light-emitting diode that can also operate as a photo-
detector (PD)."”* AV,0Oj5 layer was proposed as a HIL, and TFB
and ZnO were used as HTL and ETL layers, respectively. The
emissive layer was made up of CdSe/ZnS CQDs, and the whole
device was fabricated using spin coating. In forward bias, the
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device operates as a QLED, with a turn-on voltage around 2.6 V
and emission at 536 nm. In reverse bias, the device operates as
a PD, with a photoresponsivity of 0.0076 A W™'. An output
signal was demonstrated from the PD connected to an oper-
ational amplifier that resulted from an input signal from the
QLED. A similar study was done by Ju et al. in 2022 using per-
ovskite QDs (PQDs).'”*> PEDOT:PSS, PTAA, TPBi and LiF were
used as HIL, HTL, ETL and EIL, respectively. The device oper-
ates as a QLED in forward bias, with a turn-on voltage of 2.4 V
and an EL peak at 519 nm. The introduction of copper thio-
cyanate (CuSCN) in between the PEDOT:PSS and PTAA layer
increases the max CE and average EQE of the device by 150%
and 136%, respectively. The device also shows a response to
light with wavelengths <450 nm, which is due to the presence
of the photosensitive PTAA layer. PD tests show that the device
signal does not return to the original levels after light illumi-
nation is stopped, showing the potential of “remembering”
previous states, which can later be erased by applying a reverse
bias. Dual-functional device structures are not only limited to
the vertical LED structure. Compared with the devices men-
tioned in this article, the light-emitting transistor (LET) is a
less mature technology which has been discovered recently. It
brings together the light-emitting properties of a diode and
the switching properties of a transistor. Using a similar struc-
ture to the FEPTs discussed in the previous section, Bera et al.
in 2019 successfully fabricated a vertical phototransistor that
can both emit and detect light with a suitable bias.'”* This
was achieved by sandwiching a PQD layer between two gra-
phene layers, on top of a highly doped Si/SiO, substrate. The
source and drain contact material was chosen to be Au. The
resulting phototransistor had an EQE over 10'°%, PR of >10° A
W' and a response time of 50 ps. The LET showed an EQE of
5.6%, with an emission at 530 nm. The possibility of fabricat-
ing dual-function devices with the same structure opens a
range of applications for the integration of CQDs, meaning

a) b) Anode
el HTL
. ole
Pulsed Lasmg injection
excitation LiEt,BH Bl CQDs
cg-QD
/ § ETL
Electron
injectionf Cathode/
S L-ITO DFB
Glass

l Lasing emission

Fig. 15 Structure of (a) an optically pumped CQD laser operating via a DFB structure'®® and (b) a potential electrically pumped CQD laser, demon-

strated to work by pumping optically.*%°
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device arrays can be created on the same substrate that will
have identical structures and different functionalities.
Dual-function devices can be taken a step further. There are
reported works of dual-function devices that can operate in
both light-emitting and sensing modes simultaneously, which
can lead to new applications. Oh et al. in 2017 have used
double heterojunction nanorods (DHNR) to make a vertically
stacked LED that can operate both as an emitter and a PD.'””
The structure of this device can be seen in Fig. 16(a). The LED
exhibits an EQE of 8% at 1000 m?, a low turn-on voltage of 1.7
V and a maximum brightness >80 000 m® The PD shows a
photocurrent to dark current ratio of 3 x 10%, and a responsiv-
ity of 22 mA W' and 200 mA W' at 532 nm and 400 nm,
respectively. The J-V graph of the PD can be seen in Fig. 16(b).
Due to the fast response of the devices, it is possible to alter-
nate between forward and reverse bias in submillisecond time-
scales. This allows for the operation of the PD in between
forward bias operations, while the submillisecond timescale
allows for the light emission to appear continuous to the
human eye. Identical devices can also communicate with each
other, and this is demonstrated at both 10 and 50 kHz and can
be seen in Fig. 16(d). By using the photocurrent, it is possible
to automatically control the brightness of the device. A demon-
stration of this can be seen in Fig. 16(c), where the incoming
LED or finger affects the brightness of the device. Shi et al. in

a)
Glass
Emission -A. Detection
[
c)

Auto Brightness Control

Fig. 16
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2020 demonstrated a similar simultaneous operation vertical
LED that used a multiple quantum well (MQW) as the active
layer."”® The device was built on a Ill-nitride-on-silicon plat-
form. First, a communication test was done between two iden-
tical devices, where one acts as a transmitter and the other as
a receiver, and communication of up to 2 Mbps was observed.
The simultaneous emission and detection was also tested
using a 405 nm laser pointer. The measured current from the
device is the sum of the driving current and the photocurrent,
meaning the photocurrent can be extracted. The photocurrent
can be fed back to the driving current which can autono-
mously adjust the brightness of the emitted light. Fu et al
used a similar MQW diode structure to demonstrate simul-
taneous emitting and detecting properties.'”” A 4 x 4 array of
these devices was demonstrated to work as a potential smart
screen that can be used as a display and camera at the same
time. The MQW diode also showed promising results regard-
ing refresh rates which meet the requirements of most screen
resolutions, and has also shown that it can detect a 1 Mbps
signal. Demonstrating simultaneous dual-function devices
using DHNR and MQWs also opens up opportunities for new
applications including interactive and touchless displays. Even
though not demonstrated yet, CQDs are also candidates for
use in these devices. Nonetheless, the main difficulty arises
from the structure of CQDs. The type 1 core-shell structure
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CQD enhances the PL and EL due to the better confinement of
charge carriers, but results in a barrier for carrier extraction.
Removing the shell would aid carrier extraction properties but
would significantly decrease the EL and PL performance.
Visible Light Communication (VLC) and LiFi are two
technologies that can benefit greatly from CQDs. VLC is the
use of visible light (780-375 nm) to transmit signals and data,
whereas LiFi is an extension of VLC to ultraviolet and infrared
regions. Historically, <10 GHz band has been used for wireless
communication purposes, but due to the increase in the
demand for wireless communication, it is becoming insuffi-
cient. Communications >10 GHz have been proposed to over-
come this issue, and LiFi is a derivative of this band. The term
LiFi was first introduced by Herald Haas in his TEDGlobal talk
in 2011, and it is classified as nm-wave communication. It
uses pLEDs for communication that can reach rates higher
than Gb s™'. Wang et al. in 2021 used a nanostructured InGaN
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wetting layer as an active region for a blue pLED and achieved
a 4 Gbps VLC system."”® Wei et al. in 2022 reported a 2.1 Gbps
online and 5 Gbps offline system using InGaN QDs as the
active region.'”® These pLEDs were fabricated using conven-
tional metal-organic vapor phase epitaxy (MOVPE). CQDs have
also been tested for use in VLC and LiFi systems.
Tankimanova et al. in 2021 used PbS CQDs as colour conver-
ters absorbing in the visible range and emitting in the eye-safe
NIR range, achieving transmission rates of 0.27 Mbps, enough
to support an indoor optical IoT system.'®° Leitao et al. used
CdSSe/ZnS CQDs as colour converters for InGaN sources,
achieving transmission rates up to 1 Gbps over >10 cm dis-
tances."® LiFi has several advantages worth mentioning.
Using visible light for communication means decreasing the
“wasted” light used solely for lighting. The nature of visible
light also means that LiFi can only be used in the installed
rooms, making it less accessible from the outside and there-
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Fig. 17 The different ways CQDs can be implemented for future loT applications.
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fore safer. Since no antenna is used, it is also safer to use in
flammable environments due to there being no risks for spark
formation."®>

Fig. 17 shows the different areas CQDs could be
implemented in future IoT applications. Areas like display,
detectors, photovoltaics and lighting have already been
matured and have comparable performances to the state-of-
the-art, whereas other areas have promising demonstrations
but are not quite mature enough. The main difficulty with inte-
grating CQDs comes with the compatibility of their processing
techniques with the conventional techniques already used for
commercial applications. In addition, as the infrastructure is
being built continuously on existing technologies, there is not
much room for setbacks in terms of performance, in exchange
for costs and lower carbon footprints. However, it is more
probable for CQDs to be implemented in new types of appli-
cations, where flexibility and transparency are required. So
even though replacing current technologies in some areas with
CQDs seems far away, the published research shows very prom-
ising results for their use in new applications. Covering so
many different areas, CQDs are paving the way to make them-
selves good candidates in IoT devices.

6. Discussion and conclusions

To conclude, even though CQDs have shown great potential in
making isolated high-performance optoelectronic devices,
cost-effective, large-scale and commercially viable methods are
needed to integrate them into IoT devices. One possibility is
the integration of CQD devices with other components on sep-
arate layers, similar to that of AMOLED displays. This would
allow the fabrication of CQD devices separately using already
popular methods like spin coating, and connecting them
using methods like wire bonding, which might not be very
feasible for large-scale production. The ideal method of inte-
grating CQD devices would be to fabricate them on the same
chip. Printing methods like inkjet printing seem to be very
suitable for this type of integration due to the selective area
processing. However, with the current technology, the
minimum feature size is an important limitation, meaning
that inkjet printing would only be useful for printing on low-
density chips. The demonstration of the use of CQDs for
passive components and CMOS circuits also opens up possibi-
lities of fully CQD-based chips, where the same type of CQD
can be used in circuits and optoelectronic devices. However,
this would require careful design and patterning techniques
like etching. Nonetheless, the research on the use of CQDs for
passive components and circuits is still quite immature, and
more research in the upcoming years will help make up a
more complete picture of the future possibilities awaiting
CQDs.
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