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Abstract

Photon upconversion, a process in which multiple low energy photons are absorbed
and re-emitted as higher energy photons, has recently received significant attention due
to its potential utility across a wide range of optical application. Traditionally, two
types of materials have been used for photon upconversion applications - lanthanide-
doped nanocrystals and triplet-triplet annihilation molecules. While these systems
have demonstrated good upconversion efficiencies, they both suffer from some limita-
tions, particularly in spectral utilization. In this review, we will highlight the ways
semiconductor nanocrystals have been integrated into existing upconverison platforms
to address their limitations and improve their usability for some specific upconversion
applications. Additionally, we will discuss the recent development of upconversion plat-
forms based entirely on semiconductor nanostructures. These systems rely on the size-,
shape-, and composition-dependent optical properties of semiconductors to design up-
converting materials with the necessary electronic structure for a specific application.
We discuss the current status of these hybrid and pure semiconductor-based upconvert-

ers and suggest future directions to further improve their upconversion performance.
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1. Introduction

Photon upconversion is an optical process in which the absorption of two or more low-energy
photons results in the emission of a higher-energy photon. The idea of photon upconver-
sion was initially proposed by Bloembergen in 1959 for use in an infrared quantum counter
detector.! Development of the laser in 1960 allowed experimental realization of photon up-
conversion and other anti-Stokes processes such as second harmonic generation (SHG). F.
Augzel first demonstrated energy transfer upconversion in rare-earth doped crystals in 1966,
but significant advances in upconversion have only been realized in the past few decades as
a result of rapid developments in the field of nanotechnology.? Photon upconverters have

been used for a wide range of applications including biomedical imaging,®* therapeutics,> "

11-13 14-16

chemical sensing,®1? optoelectronic devices, and solar energy harvesting.

The performance of upconversion materials can be evaluated using three general met-
rics.'” First, upconversion quantum efficiency (UQE) is the probability that a high-energy
photon is emitted after absorption of two (or more) low energy photons. UQE is limited by
all radiative and non-radiative processes in the material. It is also important to consider
the excitation power dependence of the UQE, particularly for UC applications such as solar
energy harvesting that require low power excitation. Second, photon energy sacrifice (PES)
is the difference in energy between the emitted (high-energy) photon and the combined en-
ergy of the absorbed (low-energy) photons. PES arises from the natural relaxation processes
that occur in many optical materials. For example, if the sequential absorption of two low-

energy photons populates an excited state E' and the system relaxes to an excited state F

before emitting a high energy photon, the PES will be given by E' — E. Third, absorption
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bandwidth (AB) is the spectral range of low-energy photons that can be absorbed by the
upconverting material. Closely linked to AB is tunability of the absorption and emission
wavelengths. UC platforms based on atomic or molecular species tend to have narrower AB
and fixed absorption and emission energies, while platforms based on semiconductor materi-
als will have wider AB and more tunable absorption and emission energies. Which metric is
most important depends on the specific application of the upconversion materials being de-
veloped, and it is possible to trade these metrics off against one another. For example, PES
can be often be intentionally increased in order to suppress competing radiative relaxation
processes and maximize UQE.

Two types of materials have been most commonly used for traditional upconversion ap-
plications. The first are Lanthanide-doped nanocrystals (Ln-UCs), which undergo excited
state absorption or energy transfer upconversion within their unique manifold of 4f electron
states. The second are triplet-triplet annihilation molecules (TTAs), which rely on energy
transfer between long-lived triplet excited states to generate high-energy photons. Both of
these materials have reached relatively high UQEs (on the order of 10% at low excitation
fluxes), but they suffer from having limited AB as a direct result of the atomic or molecular
nature of the electron energy levels involved in the upconversion process.'® To combat this
problem, Ln-UCs and TTAs can be coupled to a different absorber with a wider AB. Semi-
conductors tend to have wide absorption bandwidths due to their electronic structure and
high density of states, making them an ideal material for this role. In such an application,
the semiconductor would be engineered to absorb a wide spectral range of photons and emit
photons at the specific wavelength that can be absorbed by the Ln-UCs or TTA upconverter.
Semiconductor nanoparticles (or quantum dots, QDs) are of particular interest for this appli-
cation due to their size-, shape-, and composition-dependent optical properties. In addition
to large ABs, QDs have tunable absorption and emission energies ranging from ultraviolet
(UV) to the near-infrared (NIR). They also have large absorption coefficients, high photolu-

minescence quantum yields (PLQY), and exhibit low photobleaching.!® 2! Although hybrid
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systems that combine semiconductor absorbers/emitters with Ln-UCs or TTA upconverters
partially overcome the limitations of a narrow AB, they still have significant limitations, as
described below. For example, the spectrally-downshifted light coming from the semiconduc-
tor is typically emitted isotropically, so only a fraction of the downshifted light is absorbed by
the Ln-UCs or TTA upconverters. This also introduces additional energy transfer processes
and loss pathways that can reduce the overall upconversion efficiency. Moreover, the narrow
AB of the Ln-UCs or TTA upconverters means that they can only make use of photons from
one region of the solar spectrum, even with a semiconductor sensitizer. This significantly
limits their use for solar energy harvesting applications. 7?2

In this review, we will highlight the role of semiconductor nanoparticles in photon upcon-
version, both as a component in Ln-UC and TTA systems and as standalone upconversion
platform. In section 2 we will briefly define some common upconversion and anti-Stokes
processes and identify the relevant mechanisms for this review. In section 3 we discuss Ln-
UCs using QDs as both sensitizers and emitters. In section 4 we discuss upconversion in

TTAs using QDs as sensitizers. Finally, in section 5 we discuss the development of pure

semiconductor-based upconverting material systems.

2. Types of Upconversion Mechanisms

In principle, any anti-Stokes process in which the emitted photon is higher in energy than
any absorbed photons can be classified as upconversion. However, the mechanisms behind
these processes can vary widely, with significant implications for the potential applications
of the upconverting material. Here we will briefly define some of these anti-Stokes optical
processes and highlight those which will be relevant in this review.

Second harmonic generation (SHG) is a nonlinear optical process in which two photons
with the same frequency combine to produce a photon with twice the frequency, as depicted

in Figure 1(a). This process requires simultaneous absorption of two identical photons and
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Figure 1: Diagrams of common upconversion mechanisms. (a) SHG - simultaneous absorp-
tion of two photons via a virtual intermediate state and virtual excited state. (b) TPA -
absorption of two photons via a virtual state to a real excited state. (c¢) Phonon-assisted
UC - absorption of a single photon and phonon(s) to generate anti-Stokes luminescence. (d)
ESA - sequential absorption of two photons via a real intermediate state to a real excited
state. (e) ETU - energy from absorption of low-energy photons is transferred to generate
an emitter in a higher-energy excited state. (f) Auger UC - a biexciton in the intermediate
state undergoes Auger recombination to generate a single exciton in the excited state.
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occurs via virtual intermediate and excited states. Two photon absorption (TPA) is another
nonlinear process in which two photons are absorbed to excite a material via a virtual
intermediate state, as depicted in Figure 1(b) Because of the infinitely short lifetime of
the virtual intermediate state, both SHG and TPA require very high pump fluence. This
limits their potential upconversion applications to situations where high powered lasers can
be used as the excitation source. This is rarely the case for imaging, sensing, or solar
energy harvesting applications. Phonon-assisted upconversion, as depicted in Figure 1(c), is
an anti-Stokes process known to occur in semiconductor QDs due to surface states within
the bandgap.?2¢ Excitons are generated in these surface states by absorption of a below-
bandgap photon. The carriers are then further promoted by thermal excitation to higher-
energy surface states closer to the band edge. Radiative recombination of these carriers
results in emission of photons with energy below the material bandgap but above that of
the absorbed photon. Phonon-assisted upconversion is unique from the other mechanisms
described here in that is only uses one photon rather than two (or more). Because the
additional energy is provided by phonons rather than photons, the energy gain is much
lower than in other upconversion mechanisms. Due to their limited applications and specific
material requirements, SHG, TPA, and phonon-assisted upconversion mechanisms are not
included in this review.

The three upconversion mechanisms that are of interest in this article are excited state
absorption (ESA), energy transfer upconversion (ETU), and Auger upconversion. These
mechanisms are depicted schematically in Figure 1(d-f). All of these mechanisms involve
sequential absorption of two (or more) photons via a real intermediate state to generate
carriers in a real excited state. ESA is the simplest of the three mechanisms and occurs via a
two-step process. First, a low energy photon is absorbed to excite carriers to the intermediate
state. Next, a second photon is absorbed to further promote those carriers to the excited
state. The carriers undergo radiative relaxation from the excited state back to the ground

state, emitting a higher energy photon than either of the absorbed photons in this process.
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The key feature in ESA (and what makes it distinct from TPA) is the existence of a real
intermediate state, preferably one with a long lifetime. Longer lifetimes of the intermediate
state make it more likely that the second photon absorption occurs before the carriers return
to the ground state via a radiative or nonradiative process. Radiative recombination of
carriers from the intermediate state is typically a major loss pathway in ESA upconversion.
The two photons absorbed in ESA do not need to be identical. Depending on the energy
of the intermediate state, the two photons can actually be quite different in energy, thus
increasing the AB of the material. This is of particular interest in solar energy applications
where harvesting a wide range of solar photons is important.

Energy transfer upconversion (ETU), as depicted in Figure 1(e), occurs via an energy
transfer process between a sensitizer species and and activator species. Generally, low en-
ergy photons are absorbed in the sensitizer. This energy is then transferred to the activator,
generating carriers in an excited state. The energy transfer may occur by several mecha-
nisms, including Forster resonance energy transfer (FRET) and triplet-triplet energy transfer
(TTET). Subsequent energy transfers from sensitizers to the activator will further promote
carriers to higher-energy excited states. Eventually the excited carriers in the activator will
relax back to the ground state, releasing high-energy photons. ETU occurs in both Ln-UCs
and TTAs and the specifics of those mechanisms will be discussed in subsequent sections.
Sometimes, as is the case for some Ln-UCs, the activator alone may undergo upconversion
via ESA.

The final upconversion mechanism that will be discussed briefly is Auger upconversion. In
Auger upconversion, depicted in Figure 1(f), two excitons are generated in the intermediate
state through absorption of two low-energy photons. This pair of excitons then undergoes
an Auger recombination process in which the energy released by the recombination of one
exciton is transferred to the other, allowing a carrier to be promoted to the excited state.
Subsequent radiative recombination from the excited state results in upconversion emission.

Auger upconversion often occurs alongside ESA, but has one distinct disadvantage: because



Accepted Manuscript
Version of Record at: https://doi.org/10.1021/acsaom.3c00067

both low-energy photon absorptions are occurring between the ground and intermediate
states, materials undergoing Auger upconversion will only absorb a single band of photon
energies. In contrast, ESA upconversion can result in absorption of photons from two distinct

spectral bands associated with the two different transition energies.

3. Upconversion in Lanthanide-Semiconductor Systems

Upconversion in rare-earth (lanthanide) doped materials has been studied since the 1960s.?
Lanthanides consist of the group of elements in the periodic table with a partially filled 4f
electron shell. In their ionized form, lathanides are typically trivalent with a 4 fV5s25p% elec-
tron configuration, where N = 0-14. This electron configuration gives rise to unique optical
properties in lanthanides. 0?7 First, the large number of electron and orbital combinations
gives rise to complex energy structures with transition energies across the NIR, VIS, and
UV spectral range. Second, the outer 5s and 5p electron shells shield the 4f electrons from
crystal-field and vibronic coupling. This results in long excited state lifetimes and electronic
transitions that are independent of the surrounding materials. UC has been demonstrated
across the entire range of lanthanides.?

Generally, a Ln-UC system will consist of three components: a sensitizer, an activator,
and a host material. The most commonly studied system is NaYF,:Yb3" /Er3*, which we
will use as a representative example to describe Ln-based upconversion. In this system, Yb?*
sensitizers and Er®*t activators are co-doped in the NaYF, host nanoparticles. Low energy
photons (980nm) are absorbed to promote an electron from the ground 2F;/, state to the
excited *Fj/5 state, as shown in Figure 2. UC proceeds by an ETU mechanism, whereby
energy transfer from the excited Yb3* sensitizer leads to excitation of an Er3* activator via
the *I;5/2 to “Iy;/2 transition. Additional low-energy photon absorption in Yb** followed
by energy transfer further excites the Er®* to one of several high-energy states. There are

then several possible radiative relaxation pathways for the Er3* activator to return to the
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ground state, resulting in upconversion emission in the red or green. Alternatively, when this
system is pumped with 1550nm light, upconversion occurs entirely in the Er3* activators via
ESA (no sensitizer is required). ESA upconversion in Er*" requires three photon absorption
events, compared to only two needed for the Yb3* sensitized ETU process, and the transition
energies must very closely match the excitation source energy. ETU has less strict energy
matching requirements as phonon-assisted energy transfer can compensate for small energy
mismatches. Additionally, Er3* has a smaller absorption cross section than Yb3* (~1072!
cm? vs ~107% cm?).?® Thus, addition of a sensitizer tends to improve UC efficiency, although

both (sensitized) ETU and (activator only) ESA may occur in Ln-UC systems.
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Figure 2: Upconversion mechanism in Yb3" /Er3* Ln-UC system. Absorption of low-energy
photons in Yb3*" ions and subsequent energy transfer (solid black lines) generate excited
state Er*™ ions. After phonon relaxation, emission of red or green UCL is possible from
several Er?* excited states. Dashed lines show alternative energy pathways. Reproduced
with permission from ref 16. Copyright 2011 The Royal Society of Chemistry.

Through over four decades of research, Ln-UC systems have been developed to span a
significant range of emission wavelengths, lifetimes, and quantum efficiencies. Despite these
advances, the main limitation of Ln-UCs is a small number of available emission and, more
importantly, excitation energies. The available energies are limited by the fixed nature of
the atomic energy structure.?® Co-doping multiple types of activator ions can help improve

the range of emission energies, but these transitions are still fixed in energy with rather
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narrow AB, i.e. they do not achieve a broad spectrum of emission. Excitation energies are
even more limited, with most systems requiring either 980nm excitation for Yb3* sensitizers
or 808nm excitation for a Nd**/Yb3" co-sensitized process.?® Both of these limitations can
be addressed by introducing semiconductor nanoparticles as alternate emitters or sensitizers

coupled to Ln-UCs.

3.1 Ln-UCs coupled to QD emitters

Ln-UCs can be coupled to QD emitters to improve the range of available emission energies.
In this situation, the entire Ln-UC system serves as a sensitizer for the QD emitter. Yan
et al. developed a novel nanoheterostructure by coupling CdSe QDs to NaYF,:Yb3" /Er3+
nanocrystals.?” These “CSNY” particles were synthesized via a seeded-growth method that
relied on electrostatic attraction between oppositely charged surface ligands to link the two
materials. The method resulted in dendritic growth of CdSe QDs on NaYF4:Yb3" /Erd*
cores that maintains electronic interactions between the two materials, unlike other methods
that relied on silica encapsulation.®' Illuminating the CSNYs with UV light resulted in a
characteristic CdSe emission spectrum centered at 634nm (Figure 3a) and illuminating bare
NaYF,: Y3 /Er®T gave rise to three characteristic Er3* emission bands at 524nm, 542nm,
and 660nm (Figure 3b). However, when the full CSNY particles were illuminated with
980nm light, the 524nm and 542nm Er3* emission bands were attenuated by 90% and a new
broad peak at 634nm appeared in the spectrum. This result showed efficient energy transfer
between the NaYF,:Yb3" /Er3* nanocrystals and the CdSe QDs.

In addition to tuning the emission energy of the Ln-UCs, Yan et al. demonstrated how
this type of Ln-QD UC system could be used in optoelectronic devices by creating a NIR
photoconductivity switch. CSNY particles were spin-coated onto Si/SiOy substrates pat-
terned with Au electrodes and then pretreated with hydrazine to cross-link the QDs. With
no illumination, scanning the voltage from -25 to +25 V resulted in negligible current. How-

ever, under 980nm illumination, a photocurrent of up to 5 nA was measured, giving an on/off

10
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Figure 3: (a) Absorption (red) and PL (black) spectra of CdSe QD-NaYF,:Yb/Er CSNY
heterostructure. (b) UC emission spectra of NaYF,:Yb/Er nanocrystals (red) and CSNY
(blue). Dashed blue is expansion of solid blue spectrum. (c) Energy level diagram showing
UC mechanism in CSNY. (d) Photographs of luminescence from NaYF,:Yb/Er (top) and
CSNY (bottom). Reproduced from ref 30. Copyright 2010 American Chemical Society.
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ratio of 360. This type of NIR photoconductive behavior is the basis for many upconversion
applications in optoelectronic devices, particularly photovoltaics. 16:17:32

More recently there have been several demonstrations of similar systems in which the
CdSe QDs are replaced with perovskite QDs (PeQDs).333* PeQDs have received significant
attention in the past decade as a promising material for a variety of optoelectronic appli-
cations owing to their remarkable optical properties.3>3% PeQDs are efficient emitters when
pumped with high energy (above bandgap) light in the visible or UV, but cannot be directly
excited with NIR pumping. Coupling PeQDs to LnUCs allows indirect excitation of the
PeQDs with NIR light. For example, Zheng et al. demonstrated efficient upconversion lumi-
nescence (UCL) in CsPbX3 PeQDs (X = Cl, Br, or I) sensitized by LiYbF;:Tm*TQLiYF,
core/shell nanoparticles.?® In these NPs, absorption of 980nm light by Yb3*" ions and sub-
sequent energy transfer to Tm>" ions results in emission peaks in the UV (374 and 362nm),
blue (450 and 483nm), red (648nm), and NIR (792nm). UC in this system requires as many
as four or five photon absorptions to emit light in the highest energy bands.?® The UV,
blue, and red light emitted from the Ln-UCs can be absorbed by the PeQDs depending on
their bandgap. By varying the halide composition in the PeQDs, they were able to achieve
full color tuning of the UC luminescence across the visible spectral range. In these systems
the primary mechanism is believed to be radiative energy transfer upconversion (RETU),
wherein radiative emission from the Ln-UC is is absorbed by the PeQDs and re-emitted
following carrier relaxation to the bandedge. A nonradiative FRET mechanism may also
contribute, but appears to be less efficient than RETU.3* RETU is an efficient process for
PeQDs due to their large absorption cross section and high PLQY. Moreover, the RETU
mechanism made it possible to extend the PL lifetimes of the PeQDs from nanoseconds to
milliseconds by varying the Tm3" concentration. These long exciton lifetimes in QD emitters
are beneficial for applications such as time-gated PL biosensing because the longer lifetimes

can reduce interference from background noise.?3

12
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3.2 QDs as sensitizers for Ln-UCs

In all of the cases described above, Yb3t was used as the sensitizer because it is the most
widely studied and generally the most efficient sensitizer for Ln-UCs. However, there are
several limitations of systems relying on Yb?* sensitization. First, Yb3" has a simple elec-
tronic structure with a single excited state, resulting in only a single allowed excitation
window centered at 980nm.'® This poses a significant issue for applications such as har-
vesting below-bandgap photons in photovoltaic devices where the ideal upconverter would
harvest a wide range of NIR photons.?” For some other UC application, such as chemical
sensing and bioimaging, a narrow absorption band poses less of an issue. Unfortunately
for biological applications, the 980nm absorption of Yb3* overlaps with the absorption of
water molecules and can lead to tissue overheating.” Finally, while there have been signif-
icant improvements to the efficiency of Yb3'-sensitized Ln-UCs, they still suffer from low
photoluminescence quantum yields due to the small absorption cross section of Yb3+. 28

Semiconductor QDs are a promising option for alternative sensitizers in Ln-UC systems
due to their high quantum yield, large Stokes shift, and tunable emission energies that
overlap with the absorptions of lanthanide ions.?® When using QDs as sensitizers for Ln-UCs,
the QDs transfer emissive energy via luminescence radiative energy transfer (LRET) to a
lanthanide sensitizer, which subsequently transfers energy to activators. Direct sensitization
of Ln-UCs by QDs is an ongoing research challenge. One of the most significant challenges is
that the emission bandwidth from QDs is typically spectrally broader than the absorption of
the lanthanide. As a result, not all of the light emitted by the QD sensitizer can be absorbed
by the lanthanide upconverter. An important advantage of using QDs to sensitize Ln-UCs
for bioapplications is their ability to be stable in aqueous environments without sacrificing
photostability, which is a major issue with organic dye molecule sensitizers. *

In a recent study, Song et al. looked at improving UCL in Nd*"/Yb*"-sensitized Ln-
UC systems with the addition of AgsSe QD sensitizers. Co-sensitization with Nd** and

Yb3* is a popular approach when developing Ln-UC for biological applications because it

13
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Figure 4: Results of in vivo antitumor treatment by photodymanic therapy using QD-
sensitized Ln-UC (UCQR) under NIR illumination to activate the photosensitizer Rose
Bengal. (a) Schematic of treatment plan using 1.V. tail injection and monitoring for 16
days post-injection. (b) Fluorescence imaging showing location of UCQR at various time
points post-injection. (c¢) Plot of relative tumor volumes and (d) representative photographs
of excised tumors from the different treatment groups. Reproduced from ref 7. Copyright
2019 American Chemical Society.

avoids using 980nm excitation. Nd** absorbs light at 808nm and transfers energy to Yb3*,
which can then transfer energy to a variety of Ln®" activators. Unfortunately, using Nd3*
as a sensitizer poses new problems. Because the energy level structure of Nd** is far more
complex than that of Yb3* there is an increased likelihood of the Nd3* sensitizers deactivating
the emitters rather than activating them. This ultimately hurts the UCL efficiency.® In this
study, AgsSe QDs with absorption and emission energies ranging from 810-870nm and 965-
985nm, respectively, were attached to the surface of two types of Yb3*-sensitized Ln-UC
nanoparticles by coencapsulation with amphiphilic phosphatidylcholine. When illuminated
with 808nm light, UCL was observed at 545nm for NaYF,:Yb*"/Gd3* /Er®* and 480nm
for NaYF,;:Yb3T/Gd3"/Tm3" particles. They also examined if the addition of AgySe QDs
to Nd** /Yb3" cosensitized Ln-UCs, where Nd' can directly absorb the 808nm excitation,
would improve UCL. In these measurements they found that Ag,Se drastically improved
UCL efficiency in the cosensitized system, likely from improved absorption efficiency of the

808nm light due the large absorption cross section of the QDs compared to Nd3™.

14
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Song et al. also demonstrated the use of these UCNP-QDs nanocomposites to activate
a photosensitizer (PS) for photodynamic therapy (PDT) of cancerous tumor cells in mice.
PDT is a non-invasive, light-activated method for local treatment of diseases. In general,
PDT uses a PS molecule that, when activated in the presence of oxygen, generates reactive
oxygen species that are toxic to cells in the local area.?® As shown in Figure 4, Song et al.
split the mouse subjects into five different treatment groups. The first three groups served
as controls receiving either only a saline injection, only NIR irradiation, or only injection
of UCNP-QDs. As shown in Figure 4c, all three groups showed a similar increase in tumor
size over the course of the trial. The two experimental groups received injections of either
UCNPs without QDs or the UCNP-QDs nanocomposites and also were irradiated with NIR
light. The results showed that while both groups performed better than the control groups,
only the group that received the UCNP-QDs injection had a net decrease in tumor size
over the duration of the trial. Other measurements confirmed that the UCNP-QDs were
biocompatible and could be delivered to the tumor effectively by either direct intratumor
injection or intravenous tail injection.

QD-sensitized Ln-UCs have been used for other bioapplications as well. In 2020, Yu et
al. took advantage of the distance-dependent nature of the LRET process in these systems to
develop a biosensor to target thrombin.!® They again used Ag,Se QDs with strong emission
at 980nm to sensitize NaYF,:Yb3" /Er®T nanocrystals. The surfaces of both the QDs and
Ln-UC were modified with thrombin aptamers, as shown in Scheme 1 of Figure 5. Thus,
when thrombin was introduced to the system, the QDs and Ln-UCs were brought into close
proximity of each other through the formation of a thrombin-aptamer complex, leading to
effective energy transfer between the two species. The amount of thrombin in the system
could be quantified by measuring the increase in UCL due to the energy transfer from the
QDs. They found that the biosensor had a very high signal-to-background ratio and good
sensitivity towards the target when tested on real human plasma samples.

While lanthanide UCs sensitized with QDs are of particular interest for bioapplications
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Figure 5: Scheme 1 demonstrates the working principle of a thrombin biosensor using AgsSe
QD-sensitization enhancement of NaYF,:Yb?"/Er3t. UCL enhancement as a function of
thrombin concentration varying with (a) QD-TBA2 concentration and (b) reaction time. (c)
UCL spectra of biosensor with increasing thrombin concentration. (d) Linear relationship
between UCL enhancement and thrombin concentration. Reproduced with permission from
ref 10. Copyright 2020 The Royal Society of Chemistry.

for the reasons explained above, these systems can also be used for solar energy harvesting. In
2010, Pan et al. reported on using PbS QDs coupled to a commercially available Yb3* /Er3+
Ln-UC to improve the efficiency of a bifacial silicon solar cell.*® They measured up to 60%
larger increase in photocurrent when the QDs were incorportated compared to using only the
Ln-UCs. Unfortunately, they were not able to determine if the PbS QDs were serving as a
sensitizer for the lanthanide ions, or if scattering from the QDs simply increased absorption
within the Er®* ions. Additionaly, the researchers noted that Yb3*/Er®" upconverters are
not ideally suited to combine with silicon solar cells due to the Yb3*/ absorption at 980 nm

being higher in energy than the silicon bandgap (1100 nm).

4. Upconversion in TTA-Semiconductor Systems

TTA is a process that occurs in certain organic molecular systems consisting of a sensitizer

species and an emitter (or acceptor) species. A sample upconversion mechanism in a TTA
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system is depicted schematically in Figure 6. First, a sensitizer molecule is excited from the
ground singlet state (Sp) to the excited singlet state (S;) by absorption of a low-energy photon
(hv1). The molecule then relaxes to the excited triplet state (7)) by intersystem crossing
(ISC). Energy is then transferred from the sensitizer molecule to an emitter molecule via
triplet-triplet energy transfer (TTET), generating an emitter in the excited triplet state. This
process repeats many times to generate a large population of emitters in the triplet excited
state. In the final step, two triplet emitters collide and undergo triplet-triplet annihilation
(TTA), resulting in one emitter being excited to the Sy state and the other relaxing to the
ground state. The emitter in the S; state radiatively relaxes back to the ground state by

emitting a high-energy photon (hvy).

— _."..1 —
S1 ' Sq
St — — 51
., ISC IsC /
A-..J_‘ TTA: hV2 N A

< - So y 2

sensitizer emitter emitter sensitizer

Figure 6: Representative upconversion mechanism for a TTA system. Sensitizer molecules
are excited to a triplet state by absorption of low-energy photons followed by intersystem
crossing. The energy is transferred to emitter molecules by triplet energy transfer and
triplet-triplet annihilation between two emitters generates one emitter excited to a high
energy singlet state. Radiate recombination of the excited emitter results in upconversion
luminescence. Reproduced with permission from ref 41. Copyright 2012 The Royal Society
of Chemistry.
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TTAs have a few advantages over Ln-UC systems. First, the organic molecules used in
TTAs have much stronger absorption than lanthanide ions, resulting in a lower excitation
power density threshold (>1mW cm~2 for TTA compared to >1W cm~2 for Ln-UC).?" Ad-
ditionally, TTAs have recorded the highest efficiencies, with some systems demonstrating
over 30% efficiency.*? However, TTAs also have several drawbacks. The highest UCQYs in
TTAs have been measured in solution, but for many applications a solid state upconverter is
required. TTA upconversion in solid polymer matrices has been demonstrated, but UCQY
is significantly reduced due to reduced mobility of the sensitizer and annihilator species,
which must come in close proximity of each other for the energy transfer process to occur. 6
Additionally, the multiple relaxation steps in the TTA process introduces a large PES in
these systems that can limit the upconversion energy gain. Finally, while TTAs are often
seen as a more tunable platform than Ln-UCs due to the large number of organic sensitizer-
emitter pairs available, it has proven difficult to find organic sensitizers that absorb strongly
at wavelengths longer than 750nm, thus limiting their use in NIR~-absorbing upconversion
applications. The organic sensitizers that do absorb in this region also tend to have lower
photostability and undergo rapid internal conversion to the ground state.**%* For this rea-
son, coupling TTA upconverters to inorganic sensitizers that absorb in the red and NIR
regions is a promising route to expand the spectral range of TTAs. In recent years, there
have been many demonstrations of TTAs sensitized with a range of inorganic materials in-
cluding TMDs,*® bulk*®*" and nanocrystalline*® " perovskites, and semiconductor quantum
dots. 154351553 For the purposes of this review, we will focus exclusively on examples using
nanocrystalline materials.

There have been several demonstrations of successful sensitization of TTAs with II-VI and
IV-VI QDs for both NIR-to-visible and visible-to-UV upconversion. %4355 For example,
Mahboub et al. used PbS/CdS core/shell QDs to develop a hybrid TTA platform. The QDs
served as a sensitizer with 5-carboxylic tetracene (5-CT) as a transmitter and rubrene as

the annihilator. The energy transfer mechanism is shown in Figure 7a. Upon excitation at
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808nm, UCL at 560nm, corresponding to the emission spectrum of rubrene (Figure 7b), was
measured with a maximum UCQY of 8.4%.

Most of the work on QD sensitizers for TTA UC has focused on two types of QD surface
modifications as a way to improve the UCL efficiency. The first modification is the addition
and optimization of a passivating shell. Growing a shell of wider-bandgap material onto a core
QD is a commonly used practice to improve the PLQY and stability of the core QD.%* In the
study by Mahboub, addition of a thin CdS shell to the PbS core QDs reasulted in an increase
in UCQY. However, beyond a certain shell thickness UCQY begins to decrease again, as
demonstrated in Figure 7c. This behavior is attributed to the increase in distance between the
PbS QD and the transmitter 5-CT molecules, resulting in a reduction in their wave function
overlap and less efficient energy transfer. Therefore, there is an ideal shell thickness at which
the PLQY of the core QDs is optimized before the rapid decrease in energy transfer efficiency
begins to dominate. A similar trend has been observed in other systems.!%%2°3 Another
important parameter in optimizing the core/shell structure of QD sensitizers is selecting
an appropriate shell material. Huang et al. demonstrated this in a 2018 study of CdSe QD
sensitizers for a TTA system using 9-anthracenecarboxylic acid (9-ACA) transmitter and
diphenylanthracene (DPA) annihilator. The CdSe QDs were coated with both CdS and
ZnS shells of varying thicknesses. While addition of the ZnS shell produced results similar to
previous studies (increasing then decreasing UCQY with increasing shell thickness), addition
of the CdS shell resulted in poor UCQY regardless of shell thickness.? This result is suprising
as CdS is widely used to passivate CdSe QDs and can result in incredibly high PLQYs.%%5¢ In
this case, while the CdS shell did increase the PLQY of the CdSe shell, it also increased the
exciton-phonon coupling because the exciton is delocalized within the shell due to minimal
conduction band offset between CdSe and CdS. This significantly reduces the efficiency of
the energy transfer process, thus hurting the UCQY. These studies on shell thickness and
composition show that the design parameters typically used for optimizing PLQY in QDs

cannot necessarily be directly applied when working with QD-TTA systems.
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(a) Diagram of upconverison mechanism in QD-TTA system. PbS/CdS QDs

(sensitizer) absorb low energy photons and transfer energy to surface-bound 5-CT ligands
(transmitter), which mediate TTET to rubrene (annihilator). Rubrene then undergoes TTA
to generate upconverted light. (b) Absorption (solid) and emission (dashed) spectra of
rubrene (top), 5-CT (middle), and PbS/CdS QDs (bottom). (c) UCQY as a function of
increasing CdS shell thickness. Reproduced from ref 43. Copyright 2016 American Chemical
Society.

A second possible surface modification technique to improve UCL is direct functionaliza-
tion of the QD surface with the transmitter molecules. QD surfaces are coated with organic
ligands to stabilize and prevent agglomeration of the particles. Ligands are typically de-
termined by the synthesis conditions for the particles, but ligand exchange procedures are
commonly used to replace the native ligands to achieve a desired functionality. In the case
of QD sensitizers for TTA UC, directly attaching the transmitter ligands to the QD surface
can increase the energy transfer efficiency between the two. For example, binding the 5-CT
transmitter directly to the PbS/CdS QDs in the example discussed previously led to a 37-
fold increase in UCQY, giving rise to the optimized value of 8.4%. Interestingly, the same
result was not observed in an analogous visible-to-UV system. '®

There have also been several demonstrations of QQD-sensitized TTA upconversion in solid
state devices. %% For example, Wu et al. designed a thin film device consisting of a PbS
QD sensitizer layer and an organic rubrene/dibenzotetraphenylperiflanthene (DBP) annihi-

lator /emitter layer. PbS QDs absorb light in the NIR and transfer energy to the lowest triplet
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excited state of rubrene. Two rubrene triplets undergo TTA to generate a single rubrene in
a singlet excited state, which subsequently transfers energy to the singlet excited state of a
DBP emitter. The energy transfer process and a device diagram are shown schematically
in Figure 8. The authors demonstrated that this system produced upconversion emission at
612 nm from DBP when excited across a broad range of NIR wavelengths from 800 nm to
beyond 1um. As mentioned previously, TTA systems require the sensitizer and annihilator
species to be in close proximity for efficient energy transfer to occur. Wu et al. noted that
the highest upconversion efficiencies for their devices were measured where the PbS QD layer
was thin, and proposed this was due to both shortened diffusion path lengths and minimized
reabsorption. Their best performing device recorded an UC PLQY of 0.57% (74 mw cm™2
808 nm excitation). When normalized to the PLQY of the organic emitting later (46.3%),

they determined the upconversion efficiency to be 1.2%.
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Figure 8: (a) Schematic representations of PbS NC (sensitizer) and Rubrene (triple annihi-
lator). (b) Energy transfer diagram showing the upconversion mechanism in PbS-sensitized
rubrene/DBP TTA system. (¢) Thin film QD-TTA upconverting device structure. Repro-
duced with permission from ref 44. Copyright 2015 The Royal Society of Chemistry.

Sensitization of TTAs with perovskite nanocrystals has also been recently been demon-
strated. % In 2017, Mase et al. reported the first use of perovskite sensitized TTA UC

using CdPbX; (X= Br/I) nanocrystals to sensitize DPA resulting in green-to-blue upcon-
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version with 1.3% efficiency.*® More recently, visible-to-UV upconversion has been shown
using PeQD sensitizers. %% These materials are particularly interesting for improving the
efficiency of photocatalytic processes by, for example, harvesting below bandgap photons for
utilization in water splitting catalyzed by wide bandgap semiconductors.?” He et al. synthe-
sized strongly confined CsPbBrs PeQDs coated with 1-naphthalene carboxylic acid (NCA)
as the triplet transmitter to sensitize UC in 2,5-diphenyloxazole (PPO).%° They measured an
optimized UCQY of 10.2% for this system, a significant improvement over other visible-to-
UV TTA upconverters. > The high UCQY was attributed to fast and efficient energy transfer
due to strong quantum confinement increasing the wavefunction overlap between the PeQDs

and NCA triplet acceptors.

5. Upconversion in Semiconductor Nanostructures

The two classes of materials discussed in the prior sections have gained popularity as up-
converters because they naturally occur with the necessary electronic state structure for
efficient upconversion. Specifically, they have long-lived intermediate states that support
either ESA or ETU. Unfortunately, the limitations of these materials also stems from their
electronic structure, which is fixed and cannot be tuned to better match the criteria for a
desired upconversion application. An alternative approach would be to engineer a material
with the desired electronic structure for a particular upconversion application. This idea has
given rise to the recent development of upconversion platforms based entirely on complex
semiconductor nanostructures.

Unlike Ln-UCs and TTAs, which only allow specific energy transitions between discrete
atomic or molecular energy levels, semiconductor UCs have electronic bands with a high
density of states, allowing a wide range of transition energies. In general, most SC UCs
utilize an ESA mechanism in which the first photon absorption event excites an electron-

hole pair via interband absorption and the second photon absorption event further excites
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one of those carriers via intraband absorption. The exact ESA mechanism is dependent upon
the band structure of the upconverting nanostructure. SC nanostructures are also known
to undergo Auger upconversion, which may occur alongside other mechanisms. In fact,
Makarov et al. showed it is possible to tailor the electronic structure of the SC nanostructure
to either promote or suppress Auger UC.%®

There have been several reports of photon upconversion via ESA in colloidal QDs.5%6¢
These nanostructures typically use Cd/Zn- or Pb-chalcogenide (O, S, Se, Te) semiconductors,
termed II-VI and IV-VI, respectively, due to their component elements’ locations in the
periodic table. Recent advances in the field of colloidal QD synthesis have enabled growth
of complex nanoheterostructures comprised of multiple II-VI or IV-VI materials. In 2013,
Deutsch et al. demonstrated photon upconversion by ESA in a colloidal double quantum dot
system. The heterostructure used consisted of a tellurium-doped CdSe QD [CdSe(Te)] and
a CdSe QD spatially separated by a CdS nanorod. As depicted in Figure 9a, upconversion
in this system occurs by absorption of two low-energy photons in the CdSe(Te) QD and
emission of a higher-energy photon from the CdSe QD. Absorption of the first low-energy
photon creates an electron-hole pair localized in the CdSe(Te) QD. However, due to minimal
conduction band offset between the materials in the nanostructure, the electron becomes
delocalized across the entire structure while the hole remains localized in the CdSe(Te) QD.
A second low-energy photon promotes the confined hole to a higher energy valance band state
via intraband absorption. This hot-hole is then able to cross the energy barrier between the
CdSe(Te) QD and the CdS nanorod and become delocalized across the entire structure.
Upconversion emission occurs when both the electron and hole localize in the CdSe QD and
radiatively recombine. Following pulsed excitation at 680nm, emission at 570nm is observed,
resulting in an energy gain of around 0.35eV.5

Deutsch et al. acknowledged that an Auger mechanism could also be responsible for the
measured UCL, and designed a two-color excitation experiment to show that ESA was the

dominant UC mechanism. Samples were excited with both 680nm and 1064nm laser pulses.
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Figure 9: (a) Schematic band diagram of CdSe(Te)/CdS/CdSe dot-rod-dot upconverter. (b)
HR-TEM image of nanocrystals. (¢) Absorbance (blue) and PL (red) spectra showing dual
emission peaks from nanostructure. (d and e) Diagrams of two potential upconversion mech-
anisms - Intraband Absorption (ESA) or Auger upconversion. Reproduced with permission
from ref 59. Copyright 2013 Springer Nature.
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While 680nm excitation is high enough in energy to drive both the interband and intraband
photon absorptions, 1064nm only provides enough energy for the intraband absorption. Upon
addition of the 1064nm excitation they saw an increase in the UCL, indicating that ESA
was occuring in this system. If Auger UC was the only mechanism, the UCL signal would
be unchanged by addition of the 1064nm light because the Auger process relies only on
interband photon absorption. While the UCQY of this system was not measured directly,
the UC efficiency upon hot-hole generation was estimated to have a maximum value of 0.1%.
This value is limited by both the probability of the hot-hole crossing the energy barrier and
the radiative quantum yield of the 570nm emission. This work demonstrated the feasibility
of creating a tunable upconversion platform from colloidal semiconductor QDs, but the
system required signficant optimization in order to compete with existing higher efficiency
UC materials.

In 2019, Milleville et al. built on the work by Deutsch and showed that it is possible
to significantly improve the upconversion efficiency of these colloidal structures by using
careful heterostructure engineering. Starting with the same CdSe(Te)/CdS/CdSe dot-rod-
dot structure, they made two key changes to the design of the nanostructure. The first
was improving the alloying in the CdSe(Te) QD to remove potential trap states. Due to
the difference in reactivity between Se and Te, CdSe(Te) QDs have been shown to form
inhomogeneous alloys with a Te-rich center and a Se-rich shell, creating potential surface
trap states as shown in Figure 10b (Sample A).5” By modifying the concentration ratios of
the Cd-, Se-, and Te- precursors during synthesis, they were able to create a homogeneous
alloyed CdSe(Te) QD and improve the UCQY by a factor of two. The second modification
to the structure was in the CdS nanorod. Originally, the nanorod served simply to allow
for delocalization of an excited electron across the entire structure. However, given the
essentially flat conduction band potential, the electron was likely to stay in the CdSe(Te)
QD rather than migrate to the CdSe QD. A unique feature of semiconductor nanostructures

is that the electronic potential can be tailored by changing the size or composition of the
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structure. In this case, a gradient potential was formed in the CdS nanorod by adding
increasing amounts of the narrower-bandgap material CdSe. This created a tapered bandgap
to “funnel” carriers towards the CdSe QD (Figure 10b, Sample B). By combining these two

structural modifications, an optimized upconverting nanostructure (Sample D) was realized.
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Figure 10: (a) Schematic representation of an upconverter-backed solar cell. (b) Band
structures and UCE of four variations of dot-rod-dot UC nanostructures optimized using
heterostructure engineering. (c¢) Photographs of UCL from sample D under 750nm CW illu-
mination with power density equivalent to 60 suns (top) and 1 sun (bottom). (d) TEM image
of dot-rod-dot nanostructure. (e) Schematic showing absorption of low energy photons and
emission of high energy photons from different regions of the heterostructure. Reproduced
from ref 63. Copyright 2019 American Chemical Society.

In Milleville study, the UCQY of all four samples was directly measured and ranged from
2 x 107* (Sample A) to 2 x 1073 (Sample D), suggesting an order of magnitude improvement
in UCQY due to the heterostructure engineering. However, when the UCQY measurements
were normalized by the CdSe PLQY (i.e. accounting for differences in the PLQY of the CdSe
emitters in each family of upconversion heterostructures), the optimized structure (Sample
D in Figure 10b.) showed a 100-fold increase in performance over the original dot-rod-

dot structure. Importantly, all UCL measurements in the Milleville study were conducted
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using CW excitation and UCL was observed under solar-relevant excitation fluxes. This
was an important demonstration because the wide AB of SC nanostructures makes them
particularly suited for solar energy harvesting upconversion applications. While the UCQY
values reported by Milleville, et al. are still incredibly low when compared to Ln-UCs and
TTAs, this work showed that there is significant potential for continued improvement as
we gain better understanding and control over the effects of nanoparticle structure on the

upconversion process.
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Figure 11: Schematic illustration (top) and band diagram (bottom) of
ZnTe/CdSe@CdS@CdSe/ZnSe core/multi-shell upconverting QD structure. A Low
energy photon is absorbed in the ZnTe/CdSe core via an indirect interband transition, leav-
ing a confined hole and a delocalized electron. The second low energy photon promotes the
confined hole over the energy barrier via intraband absorption. Readiative recombination
of the electron and hole in the CdSe outer shell results in UCL. Reproduced from ref 66.
Copyright 2021 American Chemical Society.
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The previous two examples used an elongated nanorod structure to realize photon up-
conversion. Upconversion has also been demonstrated in core/multi-shell particles.5!:64:66
For example, Yang et al. designed a 5-layer structure that emits at 635nm under 820nm
excitation. The structure, shown in Figure 11, consists of a ZnTe/CdSe absorber core, a
CdS barrier layer, a CdSe emitting shell, and a ZnSe confining shell.®® There are two impor-
tant feature of this design that make it ideal for photon upconversion. First is the use of a
ZnTe/CdSe core/shell heterostructure as the low-energy photon absorber. These materials
exhibit a Type-II band alignment, meaning the first low-energy photon is absorbed via an
indirect interband transition that generates an electron localized in the CdSe region and a
hole localized in the ZnTe region. The UC mechanism then proceeds much in the same way
as for the systems already discussed above, with the electron delocalized across the structure
while the hole is further excited via an intraband absorption to cross the energy barrier. The
spatial separation of the electron and hole in this Type-II structure leads to longer exciton
lifetimes, increasing the time window in which upconversion can occur and decreasing the
necessary photon flux. The Type-II absorber also has a narrower energy gap, which means
that longer wavelength excitation sources can be used, resulting in a larger upconversion
energy gain. Second, the use of a ZnSe confining outer layer serves to improve the emission
efficiency from the CdSe layer. Poor emission quantum yield in the high energy emitter
significantly limits the UCQY in all SC UC structures. Yang showed that upon addition of
the ZnSe shell, the PLQY of the CdSe emitter increased from 5% to 46%. In this case the
ZnSe shell passivates the surface of the CdSe in the same way as for the TTA-QD systems
discussed previously. In the pure semiconductor system, however, the exact thickness of this
shell is not a crucial design factor because there is no distance-dependent energy transfer
process occurring. Finally, Yang acknowledged that most studies of UC in semiconductor
QDs are carried out in solution, which is not practical for many proposed applications. As
a proof-of-concept experiment, Yang prepared an upconverting QD film via spin-coating.

While the luminescent properties of the QDs were diminished in the film, UCL was still
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observed.

While the majority of reports of upconversion in semiconductors have used colloidal II-VI
and IV-VI heterostructures, there are other possible semiconductor upconversion material
platforms. Of particular interested are I1I-V semiconductors, which can be grown in complex
heterostructures with exceptional optical properties via techniques such as molecular beam
epitaxy. There have been several reports of upconversion in III-V materials, but many
rely on SHG or TPA mechanisms and thus require very high excitation fluxes.% 7 Recently
there have been some reports of I1I-V upconverters using an ESA mechanism, but efficiencies
remain low, particularly at low excitation powers.”>™ Recently Jansson et al. reported on
upconversion in GaAs/GaNAs and GaAsP/GaNAsP core/shell nanowires (NWs) with a
focus on improving low-power upconversion efficiency.™ The upconversion mechanism in
these structures is shown in Figure 12¢. First, a low-energy photon is absorbed to generate
an electron and hole in the narrower-bandgap shell. Next, the electron is further excited
by absorption of a second photon and transfers into the larger-bandgap core. Finally, UCL
results from radiative recombination of the electron and hole in the core of the NW. This
mechanism is heavily dependent on the lifetime of the initial exciton because there is no
mechanism to suppress radiative recombination of the carriers in the shell.

Upconversion luminescence in the system developed by Jansson was successfully measured
under CW excitation with excitation power densities as low as 0.1 W/cm?. UCQY was not
measured directly in this work, but an upconversion efficiency was calculated based on the
relative intensities of PL and UCPL in these structures. Those measurements gave an UCE
on the order of 1%, which was similar to other semiconductor nanostructures for which
a comparable value could be determined. To further improve UCE, they took advantage
of a known property in these NW structures: the dielectric environment, for example a
substrate material, can have significant impact on the electric field distribution within the
NW. Finite difference time domain simulations suggested that placing the NWs on a gold

substrate would help to confine excitation photons within the NW shell and improve UCE.
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Figure 12: (a) Cross-sectional schematic of III-V core/shell nanowires. (b and c¢) Energy
structure and carrier generation mechanism for excitation energies above (b) and below (c)
the core bandgap. (d and e) Emission spectra for GaAs/GaNAs (d) and GaAsP/GaNAsP
(e) core/shell NWs for both traditional PL (black) and upconversion PL (red). Reproduced
from ref 74. Copyright 2022 American Chemical Society.
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Experimental measurements confirmed this effect, resulting in a maximized UCE of 6.7% for

GaAsP/GaNAsP core/shell NWs on gold.

6. Conclusions

This review has summarized the role semiconductor nanostructures can play in a range
of photon upconversion platforms. Lanthanide-based upconverters have been studied and
optimized for several decades, resulting in relatively efficient upconversion materials with
demonstrated applications in several fields. However, Ln-UCs still suffer from small ab-
sorption bandwidth, limited spectral tunability, and low UCQY that limit their usefulness
for certain applications. Similarly, TTA systems have demonstrated record upconversion
efficiencies, but lack the broad absorption - particularly in the NIR - needed for solar en-
ergy harvesting upconversion applications. Researchers have successfully showed that these
systems can be coupled to semiconductor QDs to take advantage of the excellent SC absorp-
tion and emission properties. Coupling Ln-UCs or TTAs to QDs as a sensitizer or emitter
typically decreases the upconversion efficiency due to the additional energy transfer step.
However, the improved spectral utilization afforded by the QDs may make these systems
ideal for certain applications despite the trade off in efficiency. Future research could fo-
cus on expanding the range of semiconductor materials used for sensitization of Ln-UCs.
Surface modification of semiconductor materials to improve energy transfer efficiency is also
a potential pathway to improving the performance of semiconductor nanoparticles as both
sensitizers and emitters for lanthanide or TTA upconversion systems.

A more recent development has been to design upconversion platforms entirely out of
semiconductor nanostructures by taking advantage of the size-, shape-, and composition-
dependent nature of the electronic structure in these materials. In roughly one decade of
work, upconversion has been demonstrated in a range of SC nanostructures utilizing differ-

ent component materials, particle morphologies, and growth techniques. These systems have
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already demonstrated excellent spectral utilization and low excitation power density thresh-
olds, as expected due to the large absorption cross section and distribution of electronic states
in SC nanostructures. The major limiting factor for SC upconverters is the low reported
UCQY, and more work is required to better understand how changes to particle structure
can improve the upconversion efficiency. This is not a trivial task. The mechanisms for the
synthesis of even simple core-shell colloidal nanoparticles are not fully understood to the
level required for rational predictive synthesis of target structures.” SC upconversion struc-
tures such as the dot-rod-dot or core/multi-shell structures are significantly more complex.
Future research should likely aim to engineer the bandgap, band offsets, and size of semi-
conductor nanoparticle heterostructures in order to improve upconversion efficiency through
better control of carrier transfer and loss. However, careful, systematic, and time-consuming
studies are often needed to determine appropriate synthesis conditions for particles with
increasingly complex structures and compositions, and such work is a prerequisite for the
analysis of the relationship between particle structure and upconversion efficiency. ™

As the number of potential applications for upconversion has increased, it has become
apparent that one single upconversion platform will not be able to meet the requirements
of all possible applications. The importance of factors such as large absorption bandwidth,
high upconversion efficiency, or large upconversion energy gain varies significantly between
different applications. The work highlighted here demonstrates the feasibility of integrating
a new class of materials with ideal optical properties (i.e. semiconductor nanostructures)
into the existing range of upconversion materials to begin building a library of upconver-
sion platforms that will span the broad range of requirements for the growing number of

upconversion applications.
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