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The tuneability of the localized surface plasmon resonance (LSPR) of degenerately doped metal oxide
(MOX) nanocrystals (NCs) over a wide range of the infrared (IR) region by controlling NC size and doping
content offers a unique opportunity to develop a future generation of optoelectronic and photonic
devices like IR photodetectors and sensors. The central aim of this review article is to highlight the
distinctive and remarkable plasmonic properties of degenerately or heavily doped MOX nanocrystals by
reviewing the comprehensive literature reported so far. In particular, the literature of each MOX NC, i.e.

Received 24th April 2024, Zn0O, CdO, In,Os, and WOsz doped with different dopants, is discussed separately. In addition to

Accepted 30th July 2024 discussion of the most commonly used colloidal synthesis approaches, the ultrafast dynamics of charge
carriers in NCs and the extraction of LSPR-assisted hot-carriers are also discussed in detail. Finally,
future prospective applications of MOX NCs in IR photodetectors and photovoltaic (PV) self-powered

chemical sensors are also presented.
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controlling the doping concentration between 10" and 10*' cm™?,

the LSPR can be tuned from the far infrared (FIR) to the near-
infrared (NIR) region. The wide range of tuneability over the IR
region makes degenerately doped semiconductors interesting for

Introduction

The confinement of light at the nanoscale level via LSPR offers

unique light-matter interactions™? and proves to be highly
12-14

efficient as it offers a unique pathway to enhancing the
performance of many modern electronic devices, such as solar
cells, gas sensors, biosensors, and light emitting diodes.*>™® For
a long time, LSPR was assumed to be a special property that was
only associated with noble metal nanoparticles like Au or Ag."!
However, beside their remarkable properties, LSPR in noble
metals is a high-cost pathway and it does not offer tuneability
due to the high and fixed density of charge carriers in metals
(~10* em ).

The discovery of LSPR in degenerately doped MOX nano-
crystals (NCs) such as aluminium-doped ZnO (AZO), tin-doped
indium oxide (ITO), or WO3, opens up a new possibility for
developing a future generation of optoelectronic and photonic
devices.»*'° LSPR in doped semiconductors holds an advan-
tage over metal nanoparticles because their LSPR can be tuned
from the THz to the NIR region by controlling the doping level
and NC size, as shown in Fig. 1."" This is a two-dimensional
Drude-Lorentz plot of NC size vs. LSPR frequency. As can be
seen from Fig. 1, for degenerately doped semiconductors, by
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optoelectronics, photonics, and biomedical applications.
Furthermore, most MOXs, such as ZnO, CdO, In,0;, and WOj;,
are intrinsically n-type doped semiconductors due to the presence
of oxygen vacancies; thus they exhibit LSPR features even when no
external doping has been done.” The prime example of this is
WO;_, NCs."®
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Fig. 1 Localized surface plasmon resonance (LSPR) frequency depen-
dence on free carrier density and doping constraints. Reproduced from ref.
11 with permission from Springer Nature, copyright 2011.
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This review article is focused on highlighting the plasmonic
properties of MOX NCs by reviewing the significant literature
reported so far and their future prospective application in IR
photodetectors and PV self-powered sensors. While reviewing
the literature, we have tried to include all those reports in
which interesting synthetic conditions or strategies were used
to tune and improve the plasmonic properties of MOX NCs. We
would like to point out that for a detailed and deeper under-
standing of different types of degenerately doped semiconduct-
ing materials and their fundamental plasmonic properties,
readers can refer to the comprehensive review article by Milli-
ron and collaborators.” Here, we first discuss the properties
which make MOX NCs unique materials for harvesting light
from a wide solar spectrum (UV-vis-IR) and provide an overview
of the ultrafast charge-carrier dynamics along with the extrac-
tion of LSPR-assisted hot-carriers. Then, we present the most
commonly used colloidal methods to synthesise NCs with
relevant examples and review the comprehensive literature on
degenerately doped indium oxide (In,0;), zinc oxide (ZnO),
cadmium oxide (CdO) and tungsten oxide (WO,) NCs. Finally,
prospective applications of NCs in IR photodetectors and PV
self-powered sensors are presented.

Observance of LSPR in IR extends the
light-harvesting region of wide-band-
gap MOXs: from UV through vis to IR

Wide-band-gap MOXs, such as ZnO, TiO,, and In,O;, are
generally transparent to visible light, with a band gap in the UV
region.'®'® Due to their strong absorption in UV, these materi-
als have been immensely explored as UV-photodetectors"®*°
and are also employed to further enhance the efficiency of Si-
solar cells by harvesting UV-light.*" Furthermore, the band gap
of MOXs can be tuned by varying the nanoparticle size and
doping with different elements that provide the possibility of
harvesting a wide range of UV light.

Recently, it has been observed that photogeneration
of charge carriers occurs in MOXs under visible-light
excitation.”” This phenomenon is significantly explored in
tuning the selectivity and response of gas sensors.”>** Q. Geng
et al.** have illuminated ZnO with visible light ranging from
420 nm to 520 nm from an LED source and observed the
sensing response owing to the photogenerated charge carriers.
They have associated photogeneration in visible light with the
phenomenon of two-photon or multi-photon absorption.>*?®
Detailed discussion of these phenomena is outside the scope of
this review.

Finally, the LSPR in heavily doped MOX NCs in IR, which is
the main topic of this review article, extends the light-
harvesting capability of MOXs to the IR region. Later in the
review article we will discuss the prospective application of
MOX NCs for a future generation of IR-photodetectors and
photovoltaic (PV) self-powered sensors due to their ability to
harvest energy from a wider range of the solar spectrum (UV-vis-
IR). However, to use degenerately doped MOX NCs for these two
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applications required a deeper understanding of their plasmo-
nic dynamics under the illumination of IR-radiation and sui-
table device configuration for plasmon-assisted hot-carrier
extraction. This leads us to our next section in which both
these aspects are discussed.

Ultrafast dynamics in degenerately
doped MOX NCs and extraction of hot
carriers

The study of materials in different forms (gas, liquid, or solid)
by means of ultrafast transient-absorption spectroscopy is of
great interest as it provides useful information about the
charge-carrier dynamics that occur at very short timescales
(e.g. in femtoseconds), like plasmonic decay, plasmon-
induced hot-carrier dynamics, exciton formation/dissociation,
etc.’’ > These types of investigations offer ultrafast signal
manipulation with large variation in transmittance, which is
very important for applications in active plasmonic, optical
switching and all-optical signal-processing devices.**™**

In this regard, Kriegel et al®® investigated the ultrafast
photodoping and plasmon dynamics in fluorine-indium co-
doped CdO (FICO) NCs via pumping at 400 nm (band-gap
excitation) and 1350 nm (LSPR excitation). The NCs were
prepared by the heat-up method and the measurements were
performed on a suspension of NCs in different solvents. Fig. 2
represents the transient-absorption (TA) response of FICO NCs
to the intraband excitation of LSPR at 1350 nm. In particular,
Fig. 2a shows the derivative-shaped TA spectra at a time-delay
of 0.1 ps (left) along with the two-dimensional map of AT/T(%)
(right). Two types of contribution were observed: the maximum
of the TA spectra (indicated by a broken blue line), represents
photobleaching (PB) and photoinduced absorption (PA) is
indicated by a broken red line. In Fig. 2b the decay of both
PB and PA at 1580 nm and 1650 nm is shown. Two well-
separated time-dependent dynamics were observed when NCs
were excited with LSPR resonance: short-dynamics in the
picosecond time range and longer-dynamics from 10 to
100 picoseconds. The initial fast decay (1 ps) is associated with
the emission of phonons (carrier-phonons) and the slower
decay corresponds to phonon-phonon scattering and the dis-
sipation of heat into the solvent. It was also indicated that the
initial fast decay was in fact even faster than that with noble
metals due to the lower heat capacity and carrier concentration
of semiconductor NCs. On the other hand, the TA dynamics of
NCs after band-gap excitation (400 nm) is shown in Fig. 3. As
shown in Fig. 3a, reverse dynamics as compared to LSPR
excitation is observed. The PB maximum was observed at
1625 nm, while the negative signal (PA) showed a peak value
at 1550 nm. Furthermore, the time axis in two-dimensional
LSPR excitation (Fig. 2a) was up to 2 ps, while it was 10 ps in the
case of 400 nm excitation, indicating that faster dynamics and
signal modulation occurred when the NCS were excited at
1350 nm. A monoexponential decay in the signal was observed
after the short rise time. The authors argued that pumping at
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Fig. 2 Transient optical response of FICO NCs following intraband exci-
tation. (a) Representative TA spectrum at the maximum rise time of around
100 fs after photoexcitation, exhibiting a derivative-shaped curve (left)
together with the two-dimensional AT/T map (right), showing the signal as
a function of pump—probe delay and probe wavelength for FICO NCs
excited at 1350 nm with an excitation density of 0.13 mJ cm™2. The steady-
state LSPR absorption spectrum is also given in grey for comparison. (b)
Transient decay dynamics at 1580 nm together with a biexponential fit
(blue and black curves, respectively; upper panel, time constants of 0.23
and 38 ps) and 1650 nm (red curve, lower panel), illustrated by the
horizontal cuts (dashed lines) depicted in panel (a). The time constant of
the initial fast decay at 1650 nm is around 0.15 ps (not shown here). (c) AT/
T time traces extracted at the selected probe wavelengths to the red
(around 1655 nm) and the blue (1500 nm) of the maximum PB signal after
subtracting the biexponential decay, along with their fits by a damped
sinusoidal function (black curves). The extracted oscillating period is T =
4.4 ps, and the damping time constant is t = 7 ps. Reproduced from ref. 36
with permission from ACS, copyright 2016.

400 nm results in the excitation of electrons to the conduction
band, which increases the carrier density by capacitive char-
ging. They proposed that the observed monoexponential decay
is due to the temporarily increased carrier density after the
ultrafast photodoping, which decays wvia electron—hole
recombination.

In another study, In and Al-doped ZnO NCs were explored
for ultrafast and broadband mid-infrared all-optical
switching.’” The In-doped ZnO NCs were synthesized using
the heat-up method while the Al-doped ZnO NCs were synthe-
sized using hot-injection. Briefly, by pumping NCs with LSPR
resonance, picosecond all-optical Q-switching was realized with
doped ZnO NCs in the MIR region from 3 to 5 um.

Furthermore, the practical use these plasmonic properties of
doped-MOX NCs relies mainly on the extraction of LSPR-
assisted hot-electrons. However, hot-electrons exhibit very short
lifetimes (tens of femtoseconds in metal®® and hundreds of
femtoseconds in doped oxide NCs*®), making them difficult to
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Fig. 3 Transient optical response of FICO NCs following intraband exci-
tation. (a) TA spectrum at the maximum signal (0.6 ps) showing the typical
derivative-shaped curve together with the two-dimensional AT/T map
showing the signal as a function of pump-probe delay and probe
wavelength for FICO NCs excited at 400 nm for the excitation density
2.35 mJ cm 2. The steady-state LSPR absorption spectrum is also given in
gray for comparison. (b) Transient decay dynamics at 1625 nm (blue curve
upper panel) and 1550 nm (red curve lower panel) together with the
monoexponential fits (black curve, time constant of 1.7 ps), illustrated by
the horizontal cuts (dashed lines) depicted in panel a. Reproduced from
ref. 36 with permission from ACS, copyright 2016.

extract. The extraction of these hot-carriers requires a suitable
device structure or a junction with a suitable extraction layer.
One such effort was made by M. Guizzardi et al.>® in which the
extraction of hot-carriers was done by fabricating a heterostruc-
ture between ITO NCs and a monolayer of molybdenum dis-
ulfide (MoS,). The ITO NCs were synthesized by the continuous
growth method and were transferred to the MoS, monolayer
with spin-coating. Fig. 4 shows a depiction of the ITO/MoS,
heterojunction and the band alignment between ITO and MoS,.
The heterostructure was pumped in resonance with the LSPR of
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Fig. 4 (a) ITO/MoS; heterojunction sketch. (b) Band alignment between
ITO and MoS;; on the right-hand side, we have the sketch of the hot
Fermi-Dirac distribution. Reproduced from ref. 39 with permission from
ACS, copyright 2022.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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ITO NCs at 1750 nm which was well below the band gap of
MoS,. By pumping the LSPR, a charge transfer from ITO to
MOS, was observed that makes these types of heterostructure
interesting for light-harvesting devices like infrared-solar cells.

After discussing plasmonic dynamics in NCs, we reach a
point where it is necessary discus the synthetic approaches that
are used to synthesize these plasmonic materials.

Synthesis of degenerately doped MOX
NCs

Together with its obvious cost-effectiveness, solution-phase
synthesis provides ease and flexibility for tuning the LSPR over
the wide range of the IR region via chemical controls over (i) the
incorporation of dopants inside the NCs, (ii) the type of dopant
and (iii) the dopant concentration.”> Among the different
solution processable approaches like coprecipitation in aqu-
eous solvents or reverse micelle templating, colloidal synthesis
has gained significant attention owing to its ability to produce
homogeneous NCs of many different materials including
MOXs, thus becoming dominant over other synthetic routes.

For the synthesis of plasmonic MOX NCs, three main
colloidal synthetic route routes have been very commonly used,
namely:

(a) Hot-injection method.

(b) Heat-up method.

(c) Continuous growth method (slow injection).

The typical experimental setup for NC synthesis is composed
of a three-neck round-bottom flask, a heating mantle with a
temperature controller (inserted into the NC solution) and
syringe for injection of the reactant. As the synthesis is done
in under inert environmental conditions (e.g. in nitrogen), the
middle neck is connected to a Schlenk line. A schematic of the
setup is shown in Fig. 5a.>

a i b

f ' To Schlenk line

Temperature
feedback
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Before we go into the detail of these methods, it is important
to understand the nucleation and growth of NCs that were
explained by LaMer and Dinegar in 1950.° In particular, they
investigated the development of sulfur hydrosol for the slow
decomposition of dilute sodium thiosulfate in dilute hydro-
chloric acid. Basically, it consists of three stages: monomer
generation, nucleation and finally the growth of NCs (Fig. 5b).?
In the first stage, the precursor is dissolved in the solvent and
the reaction between them leads to the formation of a
monomer.

The rate of monomer generation depends on the reaction
kinetics and temperature. As the reaction proceeds, the concen-
tration of monomer reaches its saturation level (C;) and at this
point nucleation does not start immediately as there is still a
significant barrier to nucleation. However, when the monomer
concentration reaches a certain minimum level (Chyi,), nuclea-
tion starts spontaneously. During the accelerated growth of
nuclei, the monomer is abruptly consumed. In fact, the mono-
mer is formed by aggregation and self-nucleation processes. As
the temporal formation of nuclei goes on, the monomer
concentration reaches supersaturation and drops instanta-
neously. Indeed, the nucleation process stops when it reaches
the Cin level, which is the onset of the third and final stage: i.e.
the growth of NCs via aggregation of monomers on pre-existing
nuclei.

Now, let us come back to the three NC synthesis methods.
All three methods are similar to each other as far as the overall
process is concerned, but the major difference lies in the
occurrence of nucleation and growth.”

Hot-injection method

The hot-injection method was first introduced by Bawendi
et al*" in 1993 for the synthesis of CdE NCs in which E
represents the three different elements: S, Se and Te. After-
wards, it was commonly used to produce high-quality NCs of a
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Fig. 5 General synthetic apparatus and growth model embodying the colloidal synthetic technique. (a) Schematic showing glassware and peripheral
instrumental setup for a typical synthesis of surfactant-stabilized NCs, involving hot-injection. (b) LaMer—Dinegar model of colloidal NC formation. The
three stages of monomer generation, nucleation, and growth are demarcated in the regions below the growth curve along with cartoons depicting the
progression of the synthesis. Reproduced from ref. 2 with permission from ACS, copyright 2018.
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variety of materials, including degenerately doped MOXs. As its
name suggests, the precursor is quickly injected into a pre-
heated solvent maintained in an inert environment under
stirring. The central focus of hot-injection is to create single
nucleation even after injection with successive growth of NCs
that does not coincide with secondary nucleation. In other
words, fast injection instantaneously starts the nucleation
and the progression of the reaction leads to the formation of
NCs. The solution also contains surfactant ligands that hinder
agglomeration and determine the shape and size of the NCs.
Notable surfactant ligands that have been used in the synthesis
of NCs are long-chain carboxylic acids (oleic acid), alkylpho-
sphine and alkylphosphine oxides (trioctylphosphine), and
long-chain amines (oleylamine). Furthermore, by varying the
growth temperature and time along with the surface concen-
tration, NCs of different sizes and distributions can be
achieved. In fact, as nucleation and growth occur separately,
the hot-injection method offers high control over the size and
size distribution of NCs.

with this method, Sirshendu Ghosh et al** fabricated
indium (In)-doped ZnO NCs in a nanopyramid shape, as shown
in Fig. 6. The whole synthesis process is as follows: 2 mM of
zinc acetylacetonate and indium acetate with different molar
ratios were mixed with 2 mmol oleic acid and 5 mL of 1-
octadecene (ODE) in a three-neck round-bottom flask. The
mixture was first vacuumed at room-temperature and finally
heated to 90 °C under the flow of Ar gas. Afterward, 15 mM of
oleyl amine was dissolved in 1 mL of ODE and injected into the
flask. The mixture was heated for 60 minutes at 240 °C, leading
to the formation of In-doped ZnO NCs with broad LSPR in the
IR region.

This method is extremely useful for applications in which
precise control over the physical properties of NCs is required,
i.e. the exploitation of LSPR. However, hot-injection is not
useful for large-scale production, due to its dependency on
the homogeneous mixing of reactants in a short period of time
at high temperature; cooling can be inhomogeneous if the
reaction is performed in a large reactor and a large volume of
reactant cannot be injected abruptly, which can lead to the
fabrication of inhomogeneous NCs with a broad range of sizes.”

Heat-up method

Unlike hot-injection, heat-up is a non-injection method that
involves the slow or steady heating of a precursor in the
presence of a ligand. This method was first introduced by
Hyeon et al.®® in 2001 as an alternative to hot-injection, by
which they synthesized monodispersed iron oxide nano-
particles. The experimental setup that describes the process
of nanoparticle growth in comparison to the hot-injection
method is shown in Fig. 7a, the scheme to synthesize nano-
particles in Fig. 7c, a photograph of Taeghwan Hyeon and
Jongnam Park in Fig. 7e, and TEM images of iron oxide
nanoparticles with different sizes are shown in Fig. 7b, d, and
f-h.** As shown in Fig. 7a, the mixture of precursor, surfactants
and solvents is heated to first initiate the nucleation and then
the growth of NCs. Hyeon et al.** undertook the decomposition

6800 | Mater. Adv, 2024, 5, 6796-6812
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Fig. 6 (a) FESEM image of pure ZnO. (b) Low-resolution TEM image of the
pure ZnO nanopyramid. The top-left and bottom-right insets of the figure
depict the tilted (X = 41.1°, Y = 0°) and side views of a single ZnO hexagonal
nanopyramid. (c) SAED pattern of the nanopyramid. (d) A single hexagonal
pyramid viewed from the (0001) zone axis. () SAED pattern of a single
nanocrystal. (f) Schematic presentation of a nanopyramid. (g) HRTEM
image of a nanocrystal at the cross-section of two edges of the base.
The inset shows the corresponding FFT pattern of the area. (h) Side view of
a nanopyramid. (i) HRTEM image of the tip of the pyramid. (j) HRTEM image
of the base of the pyramid. Reproduced from ref. 42 with permission from
RSC, copyright 2014.

of iron pentacarbonyl in the presence of oleic acid at 100 °C,
leading to the generation of an iron—oleic acid metal complex.
This metal complex was then further heated to 300 °C (aging),
eventually forming iron nanoparticles. To oxidize these iron

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) Schematic illustration of the hot-injection method and heat-up
method for uniform-sized nanoparticles. (b) Transmission electron micro-
scopy (TEM) image of 11 nm y-Fe,Os nanoparticles. (c) The overall scheme
for the synthesis of monodispersed nanoparticles through metal-oleate
complexation. (d) TEM image of 12 nm FesO4 nanoparticles. Inset is a
photograph of 40 g of the monodispersed FezO4 nanoparticles, and a US
one-cent coin for comparison. (e) Photograph of Taeghwan Hyeon and
Jongnam Park in 2004. (f)-(h) TEM images of (f) 6 nm, (g) 12 nm, (h) 10 nm
monodispersed FesO,4 nanoparticles. Reproduced from ref. 44 with per-
mission from Wiley, copyright 2023.

NCs to form iron oxide NCs, trimethylamine oxide was added
into the mixture as an oxidant agent. In the heat-up method,
the nucleation step lasts longer than in hot-injection because of
the continued generation of monomers caused by the sustained
supply of heat. This leads to an overlap between the nucleation
and growth stages: in fact, additional nucleation can also
happen during the growth of the initial nuclei. Hence, a high
degree of control over size and shape is sometimes difficult
with this method, due to the overlap between the nucleation
and growth stages. The main advantage of the heat-up method
is its scalability, as no injection step is involved and all the
reactants are mixed up and heated together to generate high-
quality NCs.

Continuous growth method

In a continuous growth method, the precursor is slowly injected
into the solution pre-heated to a certain temperature. Hence,
this method is intermediate between the hot-injection and
heat-up methods. The slow and continuous injection of pre-
cursor allows the growth of well-sized and uniform NCs
because of the layer-by-layer layer deposition of monomer on
the NC surface. Hence, this method is useful for synthesizing
core-shell NCs, in which the core and shell are made up
of different materials like CdSe/ZnS core-shell NCs. Using
this method, Fe, Co, Cu and Zn doped In,O; NCs were
synthesized.”® Briefly, a metal-oleate precursor was prepared
by mixing 1 mM indium(m) acetate and a specific amount of
dopant precursors in 2 mL of oleic acid in a vial which was then
heated at 150 °C in an oil bath under an N, environment for 1
hour. In the case of doping with Fe, the heating was done at
190 °C. After completion of the reaction, this solution was

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Co: In,0,

Fig. 8 TEM images taken of doped In,Oz nanocrystals at varying molar
dopant ratios. Scale bars are 20 nm. The nominal dopant percent in the
precursor increases from left to right, 5% dopant on the left, 10% center,
and 20% right: (a) Mn:In,Os3, (b) Fe:ln,O3, (c) Co:In,0Os3, (d) Cu:In,Os3, and (e)
Zn:In,O3. Reproduced from ref. 45 with permission from ACS, copyright
2017.

slowly injected (0.35 mL min ") into 13 mL of oleyl alcohol
and heated to 290 °C under an N, environment. The TEM
images of doped In,0; NCs are shown in Fig. 8.

Progress in MOX NCs

After the discussion on synthetic approaches, we will now
review the literature on different MOX NCs and explore their
plasmonic properties. In particular, we will focus on how
different experimental conditions or strategies like the use of
different dopants, doping levels, or temperature of growth can
influence their LSPR in the IR region.

In,0;-based nanocrystals

Thanks to its great use as a transparent conducting oxide (TCO)
for devices like solar cells, Sn-doped In,O; (ITO) remains the
most studied and investigated plasmonic MOX.**™*° In fact,
degenerately doped In,03; NCs are used as a model to investi-
gate and understand phenomena such as defect engineering,”®
dopant distribution,®® or dopant selection.” In an interesting
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Fig. 9 Solution-phase UV-vis-IR absorbance spectra of four shapes
(spheres, triangles, tripods and tetrapods) of Sn-doped nanocrystals in
CCly. The nominal doping concentration is the same (8%) for all the
samples and the real doping concentrations are 7.9%, 8.6%, 8.4%, and
8.3%, respectively, determined by ICP-AES techniques. Reproduced from
ref. 53 with permission from RSC, copyright 2017.

report, Yu Gu et al®® synthesized triangle-, tripod-, and
tetrapod-branched ITO NCs with the heat-up method for aniso-
tropic infrared plasmonics. Fig. 9 shows the UV-vis-IR spectra
along with the TEM images. Clearly, the LSPR characteristics of
NCs are strongly correlated with the shape of the NCs. In
particular, beside the spherical ITO NCs, an additional compo-
nent appears at a lower plasmon energy, which is also intensi-
fied and shifts towards lower energy (red shift) with an increase
in anisotropy of NC shapes. Conversely, the LSPR peak at high
energy is slightly blue-shifted. In order to understand the shape
dependence of LSPR characteristics, finite-difference time-
domain (FDTD) simulation was performed. Detailed analysis
shows that the low-energy and high-energy peaks are attributed
to in-plane and out-of-plane polarization. In-plane polarization
is responsible for excitation of the A,” mode (triangles and
tripods) of the D3, point group and the A,, mode (tetrapods) of
the Dy, point group. On the other hand, the out-of-plane mode
is related to the E’ mode (triangles and tripods) of the D3}, point
group and the E, mode (tetrapods) of the Dy, point group.
Apart from the shape of the NCs, the dopant distribution is also
found to affect their plasmonic properties.>! Fig. 10a shows the
optical extinction coefficient of ITO NCs at different doping
levels of Sn and XPS depth profiling of Sn in NCs (Fig. 10b).
Clearly with a doping content up to 5.1%, a gradual increase in
peak intensity and blueshift is observed. But, when the Sn
doping content further increases to 7.6%, a redshift is
observed, which is an indication of the formation of irreducible
Sn complexes along with interstitial oxygen atoms. Further-
more, the surface Sn content exhibits a linear relationship up to
an Sn doping content of 5.1% (see Fig. 10b). This is attributed
to the uniform distribution of dopant (Sn) in the NCs. But when
the doping level further increases, an abrupt increase in surface
Sn content is observed for 650 eV photons compared to 1150 eV
photons. This indicates the surface segregation of Sn at a
higher doping level.

6802 | Mater. Adv,, 2024, 5, 6796-6812

View Article Online

Review

—0%:3.60 eV

15| —09%:375¢eV
—2.0%:3.76eV

| —52%:379ev

(ahv)? (eV/cm)?
3

Normalized extinction (a.u.)

3

s N

= B

é 0.95 g 398 P e N

g g

S osf —CS, g% ,9’ I

3 —Toluene & [ »

E — TCE 5 39/@ N

S 085 —— Hexane & %0 0 16
140 150 1.60
Refractive index

0.0 L L L L 0.80 . L :
4000 3500 3000 2500 2000 1500 2600 2550 2500 2450 2400

‘Wavenumber (cm™) Wavenumber (cm™)

Fig. 10 Optical properties of Ce:In,Oz nanocrystals. (a) FTIR liquid cell
spectra of Ce:In,Os and Sn:In,Os nanocrystals dispersed in tetrachlor-
oethylene showing narrow and tunable MIR LSPR of Ce:In,Os. (b) Tauc
plots showing systematic increase in Ce:ln,O3z optical band gap with Ce
content, consistent with a Burstein—Moss shift. (c) LSPR of 5.2% Ce-doped
In,Os dispersed in nonpolar solvents with different refractive indices. Inset:
LSPR peak wavelength versus refractive index. Reproduced from ref. 50
with permission from ACS, copyright 2016.

Furthermore, in another interesting piece of work by Milli-
ron et al.>° cerium (Ce)-doped In,05-based NCs were proposed.
To synthesize Ce:In,O; NCs, indium acetylacetonate, cerium
precursor, and OLA were mixed in a three-neck round-bottom
flask, connected to a Schlenk line and heated to 250 °C for 2 h
in an inert environment. Fig. 11 represents the optical char-
acterization of Ce:In,O3; NCs with the different doping contents
of Ce. As shown in Fig. 11a, the Ce:In,0; NCs exhibit a narrow
LSPR peak compared to ITO NCs with the peak shifted to
higher energy with an increase in the Ce content. Furthermore,
the band gap of the NCs was also found to increase with an
increase in Ce doping. Further, when dispersions of NCs were
made in different nonpolar solvents (with increasing refractive
index), a redshift in the LSPR peak was observed (see Fig. 11c).
Additionally, Ce:In,03; NCs were found to exhibit an electron
mobility value of 33 cm® V™' s, higher than that of ITO NCs,
making them ideal for transparent conducting applications.
Furthermore, S. H. Cho et al.>* synthesized fluorine (F), Sn co-

2 020 {7
104 Doping: % -8 650 eV
- 27% 015 =@ 1150 eV
AOAB- wim 45% -
S —_51% g
30 6 =-=65% 5
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Fig. 11 (a) Optical extinction and (b) XPS depth profiling versus doping for

the doping series. The dotted black line in panel (b) shows the expected
Sn/(In + Sn) ratio for a uniform doping profile. Reproduced from ref. 51
with permission from ACS, copyright 2014.
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Fig. 12 (a) LSPR absorption spectra of IMO NCs with different doping
concentrations, as indicated in the graph. (b) Tauc plots for IMO NCs from
panel (a) used to determine optical band gaps. (c) LSPR absorption spectra
of IWO NCs with different doping concentrations, as indicated in the
graph. (d) Tauc plots for IWO NCs from panel (c) used to determine optical
band gaps. Reproduced from ref. 55 with permission from ACS, copyright
2019.

doped In,0; NCs with the hot-injection method. The co-doped
NCs exhibit LSPR characteristics in the NIR region.
Furthermore, molybdenum (Mo) and tungsten (W) were also
incorporated into In,0; and showed LSPR in the mid-IR
region.>® To synthesize Mo and WO doped In,0; NCs (IMO
and IWO), the metal/dopant precursors were mixed with OLA
and heated at 250 °C and 300 °C, respectively. Fig. 12 shows the
LSPR absorption spectra and Tauc plots of IMO and IWO NCs.
Clearly, both NCs exhibit LSPR in the mid-IR region with the
peak shifted to higher energy with an increase in the doping
content of Mo and W. Furthermore, the band gap also increases
with an increase in doping due to the Burstein-Moss effect.
Similarly, antimony (Sb) and titanium (Ti) doped In,O; NCs
exhibit LSPR in the mid-IR region.’® At a similar doping level of
Sb and Ti, the LSPR of Ti-doped NCs was found to be at lower
energies and possessed smaller bandwidths compared to Sb-
doped In,03; NCs. This indicates the lower density of free
electrons in Ti-doped In,O; NCs. In an impressive study, the
synthesis of zirconia (Zr)-doped In,03; NCs via a hot-injection
method was described for the first time.” By calculating the
quality factor (Q-factor) of LSPR, which is defined as the ratio of
LSPR peak energy to its line width, the authors represented the
dopant selection criteria. It was found that for high LSPR
energy, a stable oxidation state and deeper donor state in the
conduction band of the host are required. While for small
LSPR, the full width at half maximum (FWHM) requires a
higher charge/radius ratio and lower electronegativity of the
dopant cation corresponding to the host cation. In this regard,
Zr is found to be an ideal aliovalent dopant for In,O; as it
exhibits the highest Q-factor compared to any other plasmonic
material reported in the literature so far. The FTIR spectra of Zr-
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Tauc plots. (b) Charge-carrier concentration evaluated from the LSPR
frequency and nominal vs. real (from EDX) Al concentration for ZnO NCs
doped with different amounts of aluminum. Reproduced from ref. 57 with
permission from ACS, copyright 2019.

doped In,O; NCs with different doping contents and the
corresponding Q-values are shown in Fig. 13. Clearly, the NCs
showed LSPR fingerprints in the mid-IR region.

ZnO-based nanocrystals

Among all the different MOXs, ZnO remains the centre of
interaction after ITO for optoelectronics owing to its large
exciton binding energy which is 60 meV.’® In particular, AZO
is regarded as a leading candidate for the replacement of ITO as
a transparent conducting oxide (TCO).>® Due to its remarkable
optoelectronics properties, continuous effort has been made to
obtain and tune the LSPR over a wide range of the IR region by
incorporating different dopants, such as Al, In, Ge, or Ga.

P. Wainer et al® synthesized Al-doped ZnO NCs with
continuous growth methods. In a typical synthesis, the solution
of metal precursor and dopant was first prepared in oleic acid
(OA) and oleylamine (OLA), which was then slowly injected
(3 mL min~") into preheated oleyl alcohol. Fig. 14a shows
the UV-vis-NIR spectra (the inset indicates the band gap) of
pristine and Al-doped ZnO (AZO) NCs with different dopant
percentages (AZO5: 5%Al, AZO10: 10%Al and AZO: 20%aAl).
Clearly, the AZO NCs exhibit LSPR in the NIR region whose
intensity was found to increase with an increase in doping
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concentration. Additionally, the band gap is also found to
increase with dopant concentration due to the Burstein-Moss
effect. Furthermore, a carrier concentration up to 10*° cm™®
was achieved with the highest doping level of aluminium (see
Fig. 14b). Indeed, the authors were able to incorporate 40% of
Al into ZnO NCs. In another interesting study, ZnO NCs doped
with In, Ga and Al were prepared by a non-injection method
(heat-up).®° Initially, precursors (metal and dopant), surfactant
and solvent were mixed together in a nitrogen atmosphere at
100-140 °C and then the temperature was gradually increased
to 250 °C at a rate of ~4 °C min ", leading to the formation of
NCs. In Fig. 15, the surface morphologies of ZnO, AZO, Ga-
doped ZnO (GZO) and In-doped ZnO (IZO) NCs along with their
size distributions are shown. As can be seen from the TEM
images, NCs seemed to exhibit both spherical and elongated
shapes (and also a few rod-like ones). The sizes of ZnO, AZO,
GZO and 1ZO were found to be 11.2 + 2.1 nm, 27.1 + 6.0, 17.5 +
3.1, and 13.4 £ 2.4 nm, respectively. Furthermore, optical
characterization (UV-vis-NIR and FTIR) of all the NCs along
with a photograph of the stock solution and their XRD patterns
are shown in Fig. 16. Apart from undoped ZnO NCs, all the
doped NCs exhibit LSPR in the NIR region. The FTIR study
reveals that the LSPR of AZO, GZO, and I1ZO showed peak values
at 7.5, 5, and 3 pm. According to Drude-Lorentz theory, the
frequency of LSPR resonance can be related to the charge-
carrier density (n) by the following equation:

n = 0’meeg(eo + 26m)/e>

where o is the resonance angular frequency of LSPR in the NCs,
me is the electron effective mass (9.11 x 103! kg), ¢, is the
permittivity of free space (8.854 x 10" Fm™ "), ¢, is the high-
frequency dielectric constant which is 3.71 for ZnO, &, is the
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Fig. 16 (A) Optical absorption spectra of equimolar solutions of ZnO-
based NCs in TCE. (B) FTIR spectra of the same colloidal solutions. (C)
Photograph of the concentrated stock solutions (absorption spectra are
obtained by diluting the stock solutions ~50 times). (D) XRD patterns of
the dried powders (the predicted diffraction peaks for bulk wurtzite ZnO
are displayed at the bottom). Reproduced from ref. 60 with permission
from the authors: E. Della Gaspera, and J. J. Jasienia, ACS copyright 2014.

dielectric constant of the medium surrounding the NCs, e.g. the
solvent in which the NCs are dispersed, and e is the electron
charge, 1.6 x 10~ C. This equation clearly indicates that the
LSPR resonance frequency  is directly proportional to the
carrier concentration n (and inversely proportional to wave-
length). In the present case, the carrier concentrations for AZO,
GZO0, and IZO NCs were found to be ~4.2 x 10'°, ~9.4 x 10,
and ~2.6 x 10*° cm™?, respectively. Thus, due to the highest
carrier concentration in IZO NCs, their LSPR resonance appears
at lower wavelength than for other doped NCs. Moreover, all the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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NCs possessed a typical wurtzite structure, as shown in the XRD
spectra (Fig. 16D). Furthermore, size and dopant controlled
AZO NCs were synthesized by Milliron et al.® In this work, the
use of coordinating ligands in the synthesis process provides
the control over the reaction between metal and dopant pre-
cursors that in turn helps to tune the Al doping content in the
NCs from 0 to 8%. While changing the growth temperature
helps to maintain the size of the NCs between 5 and 20 nm. To
synthesize AZO NCs, a precursor solution containing 1 mM zinc
stearate (ZnSt,), 0.05-0.5 mM aluminium acetylacetonate
(Al(acac)s), and 3 mL of OA in 4 mL of octadecene (ODE) was
injected into a solution of 10 mL of 1,2-hexadecanediol
(HDDIOL) in 11 mL of ODE which was preheated to 230-
260 °C. The reaction was performed in an inert argon environ-
ment. After the addition of precursor solution, the temperature
was found to drop by 20 °C, leading to the formation of narrow-
sized NCs. While a gradual increase in temperature led to the
formation of bigger NCs. Fig. 17 shows the TEM images of NCs
grown at different temperatures, i.e. at 230 °C (Fig. 17A), 240 °C
(Fig. 17B) and 260 °C (Fig. 17C). Furthermore, all the AZO NCs
doped with different Al content exhibit LSPR in the NIR region.
With an increase in the doping content of Al, the intensity of IR
absorption increased monotonically and the LSPS resonance
shifted to high energy (towards lower wavelength). In another
interesting piece of work, M. Saha et al.®" reported the hot-
injection synthesis of hexagonal-shaped trivalent Ga-doped
ZnO NCs (GZO). The UV-vis-NIR and FTIR spectra of GZO
NCs are shown in Fig. 18. As shown in Fig. 18a, all GZO NCs
exhibit LSPR characteristics in the NIR region and up to a
doping content of Ga of x = 0.02, the peak intensity mono-
tonically increased. However, with a further increase in doping
content to x = 0.04, a concomitant decrease in the IR absorption
was observed. The authors associate this decrease with three
possible reasons: (i) inhomogeneous doping of Ga; (ii) electron
trapping around the Ga** ion; (iii) obliteration of the NC size
distribution. These results indicate that the doping content
must be carefully optimized to obtain strong LSPR character-
istics. Furthermore, Gaspera et al.®”> synthesized germanium
(Ge)-doped ZnO colloidal NCs for the very first time by employ-
ing the heat-up method. In a typical synthesis, the Ge precursor
[i.e. Ge(0,0'-glycolate),(H,0),] was dissolved in OLA at 120 °C
under cooling. After cooling the Ge precursor solution, it was
added into the ZnSt, solution in a mixture of OA, 1-dodecanol
and ODE. After the addition, the solution was heated at 230 °C
for 2 hours, leading to the formation of Ge-doped ZnO NCs. The
UV-vis-NIR absorption spectra of Ge-doped ZnO NCs are shown
in Fig. 19a along with the Tauc plots in Fig. 19b. All the doped
NCs exhibit LSPR in the NIR region, which increases with an
increase in the doping level of Ge. On the other hand, the band
gap is also found to increase with an increase in doping content
which is an indication of the Burstein-Moss effect. Fig. 19c is a
representation of the band gap with an increase in the doping
level of Ge in ZnO NCs. In similar work, W. Zhu et al®
investigated the change in the structure and composition
caused by Ge doping in ZnO NCs. Again, the ZnO NCs were
fabricated using the heat-up method and their thin film was

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 17 Low- and high-resolution TEM images of AZO NCs. (A)-(C) AZO
NCs of different sizes were obtained by injecting precursor solutions
containing 0.2 mmol of Al(acac)s at 230, 240, and 260 °C, respectively.
(D) HRTEM image of a pseudospherical AZO NC oriented along the [011]
zone axis and the corresponding fast Fourier transform (FFT) in the inset
indicating the hexagonal structure of the wurtzite. The lattice fringes
correspond to spacings of 2.42 and 2.79 A derived from FFT which match
well the d spacing of the (101) (dX% = 2.47 A) and (100) planes (@32 = 2.81
A) of wurtzite ZnO. (E) HRTEM image of a bullet-shaped AZO NC oriented
along the [110] zone axis and the corresponding FFT in the inset. The lattice
fringes correspond to 2.79 and 2.58 A, derived from FFT, consistent with
the (100) and the (001) (@2%% = 2.60 A) planes, respectively, of wurtzite
ZnO. (F) Electron diffraction of AZO NCs with the expected wurtzite
pattern indicated in the lower left. Reproduced from ref. 9 with permission
from ACS, copyright 2011.

deposited by spin-coating. Detailed investigation reveals that
degenerate doping of ZnO NCs with Ge reduces the intrinsic
defects in ZnO and suppresses the emission in the green-red
region from defects and free excitons. The suppression of
emission was found to be caused by the substitution of Ge"
at Zn sites and the formation of non-radiative deep-level traps
(GeZn)".

WO;_,-based nanocrystals

The reduced form of WO;, i.e. WO;_,, exhibits strong LSPR
features in the NIR region,®*°® owing to the presence of oxygen
vacancies in the crystal lattice.® WO,_, possesses a strong blue

Mater. Adv,, 2024, 5, 6796-6812 | 6805
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Fig. 18 (a) Optical absorption spectra of pure ZnO and doped Zn; ,Ga,O
nanocrystals in the vis-NIR region. The inset depicts the band-gap absorp-
tion of the samples. (b) FTIR spectra of doped samples showing the
plasmonic NIR absorption. Additional sharp peaks (asterisks) arise from
the organic ligand oleylamine absorbed on the nanocrystal surface. Blue
and purple asterisks represent N—H stretching and symmetric/asymmetric
stretching vibration of long hydrocarbon chains, respectively. The black
dotted line and the red vertical dotted line are guiding lines for the shifting
of plasmonic absorption. Reproduced from ref. 61 with permission from
RSC, copyright 2015.
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Fig. 19 (a) Optical absorption spectra of equimolar colloidal solutions of
ZnO:Ge in tetrachloroethylene (TCE). The inset shows a digital photograph
of the prepared colloidal solutions. (b) Tauc plots (exponent = 2, direct
band gap) of the ZnO:Ge colloidal solutions. The dashed lines are the linear
fits used to identify the band gap. (c) Optical band gap and real Ge/Zn
amount evaluated from XRF as a function of the nominal Ge/Zn ratio.
Reproduced from ref. 62 with permission from RSC, copyright 2015.

colour and can be obtained in a variety of stoichiometries, i.e.
WO, 53 (W24068), WO5.72 (W15040), WO, 5 (W5014) and WO,
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Fig. 20 (a) UV-vis-NIR absorption spectra of WO, g3 nanorods in N-
methylpyrrolidone upon heating at 175 °C in air for 0, 2, and 6 min.
(b) XRD patterns of WO, g3 hanorods in N-methylpyrrolidone (top) before
and (middle) after heating at 175 °C for 6 min in air and (bottom) the
reference pattern for WO, g3. Reproduced from ref. 15 with permission
from ACS, copyright 2012.

(W100s5)."> K. Manthiram et al.™ synthesized nanorod-shaped
WO, g3 NCs via the hot-injection method with tuneable LSPR.
Fig. 20 shows the UV-vis-NIR spectra of a WO, g; nanorod
suspension in N-methylpyrrolidone (Fig. 20a), along with its
crystalline properties (Fig. 20b). In particular, in Fig. 20b, the
LSPR features of WO, _g; nanorods heated at 175 °C for 0, 2 and
6 minutes are presented. Clearly, upon heating, the intensity of
the LSPR peak is decreased and peak is shifted to higher
wavelength (redshift), due to the decrease in carrier concen-
tration caused by the oxidation of WO, g3. On the other hand,
the absorption edge exhibits a blueshift upon heating. Further-
more, a decrease in the crystallinity of the nanorods is observed
when heated at 175 °C for 6 minutes. In another study, cesium-
doped tungsten oxide (Cs,WO;) NCs were prepared and
explored to evaluate their plasmonic properties.®® These types
of interstitially doped tungsten oxide are also known as tung-
sten bronze with the formula M,WO; (M: Li", Na', Cs’, or Rb").
In Fig. 21, we report the TEM images of pristine WO, 7,
nanorods and CsyWO; NCs prepared by the group of Delia
Milliron, and exhibiting three different shapes: hexagonal
prism, truncated cube, and pseudospheres. These doped NCs
exhibit LSPR in the NIR region. Furthermore, WO;_, NCs
prepared by solvothermal methods showed string plasmonic
behaviour in the vis-NIR region.”® Fig. 22 shows the UV-vis-NIR
absorbance spectra of WO;_, NCs in protic polar solvents. In
the case of NCs dispersed in ethanol, an extremely well-resolved
plasmonic peak at 556 nm was observed.

CdO-based NCs

Cadmium oxide (CdO) is another n-type wide-band-gap MOX
that showed LSPR with”"”* or without doping.”® Fig. 23 shows
the TEM images of octahedral-shaped In-doped CdO (ICO) NCs

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 21 High-resolution TEM images of (@) WO,z rods and Cs,WOs (b)
hexagonal prism, (c) truncated cube, and (d) pseudospheres. All scale bars
are 5 nm. Reproduced from ref. 69 with permission from ACS, copyright 2014.

—— methanol
——— ethanol
——— 2-propanol
— water

absorbance

600 800 1000

wavelength, nm

Fig. 22 UV-vis-NIR absorbance of WO3_, nanocrystals — LSPRs in differ-
ent protic polar solvents. Reproduced from ref. 70 with permission from
RSC, copyright 2016.

400

along with a pictorial representation of the ICO unit cell.”* This
was the first report on ICO NCs synthesized using the heat-up
method in both spherical and octahedral shapes. As can be
seen from Fig. 23, compatibly larger ICO NCs were formed
when the oleic acid (OA) concentration was 3 mM. Further-
more, the absorption spectra indicating the LSPR feature
of ICO NCs (from NIR to MIR) and band gap at different
doping contents of In (see Fig. 24). With an increase in In-
doping content, the LSPR peak is blue-shifted. Additionally, as

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 23 TEM images of octahedral ICO nanocrystals produced at 300 °C
using (a) 4 mmol and (b) 3 mmol OLAC and (c) SEM image of the sample
shown in b. TEM image of spherical nanocrystals produced at reflux using
(d) 5 mmoland (e) 3 mmol OLAC. (f) The unit cell of rock-salt type indium-
doped cadmium oxide (ICO). Influence of Shape on the Surface Plasmon
Resonance of Tungsten Bronze Nanocrystals. Reproduced from ref. 71
with permission from ACS, copyright 2013.

expected, the band gap is also increased with doping content. On
the other hand, undoped CdO NCs whose LSPR was tuned from
the wide range of NIR to the MIR region were synthesized via the
decomposition of cadmium acetylacetonate (Cd(acac),) at 316 °C.”*
In order to promote oxygen deficiencies, reducing agents such
bis(trimethylsilyl)amine (HMDS) were introduced into the reaction
mixture. The idea behind using a reducing agent is to control the
free electron concentration that will in turn affect the LSPR
positioning. It has been found that by increasing the HMDS/Cd
molar ratio, the NC diameter decreases monotonically from 44.9 to
5.2 nm. Fig. 25a shows the FTIR spectra of CdO NCs with different
diameters. Evidently, as the diameter of the NCs decreases
(increase in oxygen deficiency), the LSPR peak is shifted toward
the NIR region. Furthermore, in Fig. 25b, the extinction coefficient
of NCs dispersed in three different solvents, i.e. carbon tetrachlor-
ide (CCly), tetrachloroethylene (TCE), and carbon disulfide (CS,),
are shown. As expected, the LSPR peak was shifted to higher
wavelength (redshift) as the refractive index of the solvent increased
(see Fig. 25¢).

Furthermore, fluorine, In co-doped CdO (FICO) NCs were
synthesized via the heat-up method.”* Fig. 26(a—c) show the

0.84 b © 06%-297ev
1.5% - 3.06 eV
06 1.7% -3.19 eV
3% N 7.2%-321eV
s s © 16.2%-3.34 eV
-~ S 0.44 &
§ 0.4 S
5 =
5 S o021
2 0.24 5
0.0 =
0.04 ; /
500 1000 1500 2000 2500 3000 24 26 28 30 32 34 36 38
Wavelength (nm) Energy (eV)
Fig. 24 (a) Solution-phase spectra of ICO nanocrystals dispersed in CCly

for five levels of % atomic doping of In. The fwhm or I' is indicated for the
16.2% doped sample. (b) Plots of (xh1)? vs. photon energy (eV) for five
samples of spherical ICO nanocrystals. Open circles are measured data,
dotted lines are linear fits, and the legend shows the extracted direct band-
gap energies. Reproduced from ref. 71 with permission from ACS, copy-
right 2013.
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Fig. 25 (a) Normalized extinction spectra of size controlled CdO NCs

synthesized with different HMDS/Cd ratios. (b) Extinction spectra of CdO
NCs (8.5 + 1.2 nm) dispersed in different solvents. (c) Plot of LSPR peak
wavelength versus the refractive index of solvent. CCl,: carbon tetrachlor-
ide, TCE: tetrachloroethylene, CS,: carbon disulfide. Reproduced from ref.
73 with permission from ACS, copyright 2020.
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Fig. 26 (a) Transmission electron microscopy images of FICO 3% (dia-
meter 20.2 £+ 1.8 nm). (b) Normalized absorption spectra of FICO NC
samples with different doping levels. (c) Plots of (zh)? vs. photon energy
(hv) for the FICO NC samples shown in (b). Reproduced from ref. 74 with
permission from ACS, copyright 2019.

TEM images, UV-vis-NIR spectra and Tauc plots of FICO NCs.
As can be seen from Fig. 26a, the FICO NCs are found to be
spherical in shape. At all the doping concentrations, sharp
LSPR peaks were observed, which shifted to lower wavelength
as the doping concentration increased (Fig. 26b). Furthermore,
the band gap of FICO NCs also increased with an increase in
the In doping level underlying the Burstein-Moss effect.

Future prospective applications: MOX
NC based IR photodetector and PV
self-powered chemical sensors

After a comprehensive review of the literature about the plas-

monic properties of different MOX NCs, we come to their future
prospective applications in optoelectronic devices. The first
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obvious applications of these materials are for IR photodetec-
tors owing to the tuneable LSPR in the IR region. The contin-
uous increase in interest in (IR) photodetectors has driven
advances in imaging, satellite remote sensing, environmental
monitoring, optical communications, security surveillance, gas
identification, and biomedical engineering.”>”® However, cur-
rent commercial IR photodetectors developed using bulk com-
pound semiconductors like InSb, Ge, HgCdTe, or InGaAs, still
grapple with big issues such as high cost, toxicity, inflexibility,
low environmental stability, complex fabrication processes,
volume-dependent thermal noise, and limited pixel
size.”>”””% Due to this, continuous efforts have been made to
find alternative low-cost and highly efficient materials for IR
photodetector applications. In this regard, 2D materials (gra-
phene, MXene, TMDs, etc.)**”>7%%° and narrow-band-gap mate-
rials, such as PbS,®" PbSe,® or InP,** were put forward.
However, 2D materials still suffer from issues like (i) limited
availability of 2D materials with a band gap, (ii) the lack of
reproducibility in the fabrication process, (iii) poor stability in
an ambient environment, (iv) slow/poor response dynamics, (v)
poor selectivity and (vi) problems in large-scale
production.”>”>%*"8¢ Additionally, the large-scale production
of 2D materials is a common challenge faced by both
applications.?*”® On the other hand, IR photodetectors based
on narrow-band-gap materials face several critical challenges,
as discussed by Z. Wang et al.’® in a comprehensive review
article. In particular, the issues are the use of heavy toxic
materials (e.g. Pb or Hg) and their better performance mainly
in the NIR region,*"*”*® while the development of MIR-based
photodetectors remains a challenging task. Additionally, these
QD-based IR photodetectors suffer from poor charge-carrier
transport in QDs”® which is a huge problem, as effective charge-
carrier transport in photodetectors determines charge-carrier
separation and collection.

Degenerately doped MOX NCs can be seen as IR detecting
media because of the possibility of tuning the LSPR from the
deep MIR to the NIR region by optimizing the carrier concen-
tration using different dopants. Furthermore, the availability of
scalable synthesis methods like heat-up or continuous growth
makes it favourable over 2D materials. In an interesting piece of
work, Qu et al.® explored the potential of ITO NCs for IR
photodetector applications. Due to the weak photo-signal that
is linked with the poor charge transport in NCs (a similar issue
to narrow-band-gap QDs) and weak extraction of LSPR-assisted
hot-electrons, very poor photodetector performance was
observed. To overcome the obstacle of hot-electron extraction,
a heterostructure of MOX NCs (ITO) and MoS, has recently
been proposed, which we have already discussed in Section 3.
However, when making optoelectronic devices like photodetec-
tors, charge transport within the active material and their
collection at the respective electrodes defines the efficiency of
the devices. In this regard, the heterojunction between narrow-
band-gap PbS QDs and ZnO nanowires (NWs) was proven to be
effective,"®” in which the QDs act as an NIR sensitizer and
NWs provide the conduction path to electrons. Indeed, the
charge transport in NWs is believed to occur at a speed several

© 2024 The Author(s). Published by the Royal Society of Chemistry
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orders of magnitude faster than in nanoparticles like QDs or
NCs, primarily attributed to the minimized scattering effects
resulting from the limited presence of grain boundaries.’
Additionally, due to the quantum confinement effect, NWs
provide unidirectional and better control of charge transport,
leading to high charge-carrier mobility.”® Hence, the hetero-
junction of NCs with 2D materials, nanowires etc. can been
seen as step forward to fabricate the future generation of IR
photodetectors based on degenerately doped MOX NCs.

Furthermore, nanostructured MOXs have been explored
and proven to be highly efficient for chemical sensing
applications.”®® However, recently, the development of self-
powered sensors for real-time environmental and health mon-
itoring has gained momentum, driven by the urgency of the
energy crisis, environmental pollution, and climate change.?
Harnessing energy from sunlight is always an ideal and
dependable choice due to its cleanliness, safety, and the vast
energy reserves Earth receives from the sun. A sensor that
harnesses energy from sunlight is known as a photovoltaic
(PV) self-powered sensor.”® However, the current state-of-the-art
for PV self-powered sensors, whether utilizing sunlight or other
activation sources, is still far from reaching the essential “3S of
a sensor”: sensitivity, selectivity, and stability.>>**°° In this
regard, photoactivated (UV) MOX-based gas sensors have
gained significant attention for developing RT or low-power-
consuming sensors.>” By fabricating these MOXs in different
nanostructure forms and by tuning their band gap, photoacti-
vation with visible light has also been achieved.”® It was
observed that by designing suitable device structures, these
photoactivated MOX sensors are able to achieve self-sustaining
operation using the photovoltaic (PV) effect.'**"%* To further
extend light harvesting to the IR region, degenerately doped
MOX NCs can be employed as an active sensing platform.
Sturaro et al.’® proposed gallium-doped zinc oxide (GZO) NC
based optical (plasmonic) and chemiresistive sensors for the
detection of hydrogen (H,) and nitrogen dioxide (NO,). To
realize a sensing device, an NC thin film was deposited by
spin-coating onto an SiO, substrate. The sensing measure-
ments were performed at 80 and 200 °C. In the chemiresistive
gas sensing of these NCs, the authors observed some response
at room-temperature under illumination by blue light and the
response increased with an increase in the operating tempera-
ture of the sensor. These were preliminary investigations, as
many important factors, such as sensor selectivity, sensitivity
and stability, need to be explored. However, it indeed gives us
the idea and possibility to use degenerately doped MOX NCs to
build PV self-powered sensors that harvest energy from UV-vis-
IR radiation. In this sense, the heterostructure of NCs with
MOX NWs can be effective. The reason behind this argument is
that a chemiresistive sensor based on MOX NWs is already an
established sensing platform and it showed fast response
dynamics, selectivity, and stability due to the high surface-to-
volume ratio, well-defined crystal orientation and controlled
unidirectional electrical properties.®* %1

Hence, by carefully manipulating the plasmonic properties
of degenerately doped MOX NCs and using a suitable device
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configuration, a future generation of IR photodetectors and PV
self-powered chemical sensors can be developed.

Conclusions

In conclusion, by reviewing the comprehensive literature, we
have demonstrated the plasmonic properties of degenerately
doped MOX NCs. Compared to the well-known hot injection
method, continuous growth and heat-up represent large-scale
production methods and were used significantly to produce
various MOX NCs. Fabrication of 0D-2D heterostructures (ITO/
MoS,) for the extraction of LSPR-assisted hot-carriers is an
interesting strategy. These types of strategies should also be
utilized for other MOX NCs and ultrafast transient absorption
studies need to be done to develop a deep understanding of
plasmonic charge-carrier dynamics in MOX NCs. In fact, after
reviewing the literature, we have realized that an advanced level
of understanding in terms of synthesis, such as the growth
mechanism of NCs, the incorporation of different dopants
inside NCs and their effect on LSPR, and the roles of defects
and tuning the LSPR over a wide range of the IR region by
controlling NC size and doping content, have already been
achieved. Now is the time to carry out studies at the device level,
such as acquiring IV characteristics under illumination by IR
light and understanding the mechanism of photogenerated
charge carriers in different device configurations, such as
heterojunctions, thin films of NCs, self-assembly etc. These
types of studies are very important for the practical and
prospective use of MOX NCs for a future generation of optoe-
lectronic devices. Thus, we believe that degenerately doped
MOX NCs have great potential for developing IR photodetec-
tors, PV self-powered sensors and other potential optoelectro-
nic devices, but an immense amount of dedicated work is
required on a device level.
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