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Abstract

Photon upconversion is a process that combines low-energy photons to
form useful high-energy photons. There are potential applications in pho-
tovoltaics, photocatalysis, biological imaging, etc. Semiconductor quantum
dots (QDs) are promising for the absorption of these low-energy photons
due to the high extinction coefficient of QDs, especially in the near infrared
(NIR). This allows the intriguing use of diffuse light sources such as solar
irradiation. In this review, we describe the development of this organic-
QD upconversion platform based on triplet-triplet annihilation, focusing
on the dark exciton in QDs with triplet character. Then we introduce the
underlying energy transfer steps, starting from QD triplet photosensitiza-
tion, triplet exciton transport, triplet-triplet annihilation, and ending with
the upconverted emission. Design principles to improve the total upcon-
version efficiency are presented. We end with limitations in current reports
and proposed future directions. This review provides a guide for design-
ing efficient organic-QD upconversion platforms for future applications,
including overcoming the Shockley-Queisser limit for more efficient solar
energy conversion, NIR-based phototherapy, and diagnostics in vivo.
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QD: quantum dot

OLED: organic
light-emitting diode

NC: Nanocrystal

TTA: triplet-triplet
annihilation

PL:
photoluminescence

UC: upconversion

1. INTRODUCTION

The radiative recombination of excitons from conjugated organic molecules and quantum dots
(QDs) can produce light of arbitrary wavelength. Light emitted from this class of materials, e.g.,
by organic light-emitting diodes (OLEDs) and QDs, can be higher in color purity and isotropic
in direction compared to older technology, factors contributing to high-quality displays. Clearly,
emission from these bright excitons can be used for energy conversion, but what about the dark
excitons? Due to considerable electron-hole Coulomb interactions, the Frenkel excitons in or-
ganic semiconductors and semiconductor nanocrystals (NCs) are characterized by a large binding
energy of ∼0.5 eV, compared to the 10-meV binding energy for the hydrogenic Mott–Wannier
excitons in bulk semiconductors. This strong Coulombic interaction results in a sizeable spin-
exchange energy in these materials and introduces a dark triplet excited state lower in energy than
the singlet state. Though triplet excitons are classically forbidden from emitting light, a pair of
triplet excitons that have a net spin of zero can be fused into two singlet excitons, both of which
can strongly couple to light. This process is known as triplet-triplet annihilation (TTA). Here, we
review the development of organic-QD hybrid nanomaterial systems for energy conversion using
the Frenkel excitons in organic semiconductors and QDs (Figure 1a). Moving beyond Stokes-
shifted photoluminescence (PL) from the bright singlet excitons in these materials, we focus on
photon upconversion (UC) with dark triplet excitons. Photon UC is a process where low-energy
photons are combined to produce one high-energy photon, which could potentially be applied
in photovoltaics, photocatalysis, phototherapy, etc. (Figure 2). In particular, we concentrate on
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Figure 1

(a) Band edge positions of CdSe and PbS QDs that absorb light for photon upconversion for triplet energy
transfer to the emitter molecules rubrene, perylene, DPA, and PPO. The energetics of the frontier orbitals
and lowest excited triplet state are illustrated. (b) Schematic of the energy transfer during photon
upconversion with QD triplet photosensitizers and subsequent triplet-triplet annihilation. Abbreviations:
CB, conduction band; DPA, 9,10-diphenylanthracene; HOMO, highest occupied molecular orbital; LUMO,
lowest occupied molecular orbital; PPO, 2,5-diphenyloxazole; QD, quantum dot; Vac, vacuum; VB, valence
bond.
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QE:
quantum efficiency

QY: quantum yield

NIR: near infrared
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Figure 2

Illustrations showing applications of photon upconversion in (a) photovoltaics, (b) photocatalysis, and (c) phototherapy/photochemistry.

photon UC via TTA. As shown in Figure 1b, TTA is an energy-conserved, spin-allowed process
where two spin-triplet excitons originally in separate molecules can combine, resulting in one of
the molecules excited to an emissive singlet state. Note that the average smartphone user may un-
wittingly be familiar with TTA: TTA is already used to improve the external quantum efficiency
of the blue OLEDs (1). TTA recycles the three dark triplet excitons that are created with each
bright singlet exciton that results from electrical injection (2). TTA raises the maximum internal
quantum efficiency of fluorescent OLEDs from 25% (that rely solely on emission from singlet
excitons) to 62.5% (3).

The primary advantage of TTA over other photon UC methods is the fact that classically al-
lowed, real states are utilized for energy conversion. In practical terms, this allows TTA-based
photon UC to occur with diffuse sources of light, e.g., sunlight (4, 5). In general, the forbidden
optical transitions and low absorption cross sections in the lanthanides mean expensive pulsed
or high-power lasers are normally used for excitation. For example, state-of-the-art lanthanide
nanoparticles optically triggering neurons deep in the mouse brain caused the temperature at the
surface of the mouse skull to reach 43.3°C, nearly approaching the cytotoxic threshold of 45°C
(6). This is directly related to the fact that the molar extinction coefficients, ε, of the isolated lan-
thanide ions are <10 M−1cm−1, up to 10,000 times smaller than molecular or NC light absorbers
(7, 8).

Upconverted emission is proportional to the system’s ability to both absorb and emit pho-
tons. This is quantified by the quantum efficiency (QE) term, where QE = ε rΦPL. The molar
extinction coefficient ε is directly proportional to light absorption at each wavelength and ΦPL is
the UC PL quantum yield (QY). The QE term clearly shows that a high fluorescence QY is for
naught if absorption is negligible. For example, indocyanine green (9), the brightness benchmark
for near-infrared (NIR) contrast agents, has a QEmax = 1,350 M−1cm−1 at 800 nm. State-of-the-
art lanthanide nanoparticles have a QEmax = 0.25 M−1cm−1 given their reported ΦPL = 2.5%.
In contrast, we have shown QE = 7,200 M−1cm−1 and 3,000 M−1cm−1, respectively, for the UC
of green to violet and NIR to yellow light with CdSe and PbS QDs, respectively. The QE with
semiconductor QDs for photon UC vastly exceeds the QE with lanthanides by five orders of
magnitude.

In this review, we outline the historical development of photon UC at organic-inorganic in-
terfaces, the factors affecting the QE of this multistep energy transfer process, and finally, the
prospects and challenges that need to be addressed.
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TET: triplet energy
transfer

TA:
transient absorption

2. BACKGROUND

2.1. Molecular Triplet Sensitization: From Heavy Metal Porphyrins
to Quantum Dots

The first report of QD-based photochemical UC in 2015 built heavily on lessons derived from
the molecular world. TTA was initially observed by Parker et al. (10, 11) in 1962 on a phenan-
thracene donor/naphthalene acceptor system. The field lay dormant until 2003 when Baluschev
and colleagues (12, 13) used metal(II)-octaethyl porphyrins to sensitize conjugated polymers.
Many groups around the world built on this, e.g., to extend photosensitizer absorption to the NIR
via increasing the conjugation length of the porphyrin (14) or introducing metal to ligand charge
transfer transitions (15). Important insights on the kinetics of TTA were derived by Monguzzi,
Meinardi, and colleagues (16) and Schmidt & Castellano (17). This allowed experimental observ-
ables like the excitation density required for the transition from the linear to the quadratic regime
for TTA to be related to the intrinsic photophysical properties of the molecules involved (for
further elaboration see Section 3).

The first observation of triplet energy transfer (TET) between NCs and molecules were two
independent publications in 2014 by Rao and colleagues (18) and Bawendi and Baldo (19), re-
spectively. Both papers showed that triplet excitons produced via singlet fission in acenes were
transferred to lead chalcogenide NCs. This was a paradigm shift because the field of semiconduc-
tor NCs had focused solely on Förster resonance energy transfer in the preceding 30 years despite
the fact that it was well known that the lowest excited state in colloidal NCs had dark, triplet-like
character (20) (Figure 3). In 2014,Baldo and Bawendi (19) reported enhanced PL of PbSNCs due
to the downconversion of singlets formed in tetracene, and subsequent TET to the PbS acceptors
(19). Using transient absorption (TA) spectroscopy, Rao and colleagues (18) showed that triplets
derived from singlet fission migrated from pentacene to PbSe NCs, followed by backwards hole
then electron transfer from the NCs to the acene. These studies motivated efforts to demonstrate
the reverse processes, that is TET from NCs to molecules. CdSe and PbS/PbSe NC sensitized
photochemical UC in solution was the focus of the first publications on the photosensitization
of triplet excitons from inorganic semiconductor NCs. Later,Wu et al. (21) reported photon UC
based on PbS NC light absorbers in thin film. In terms of mechanistic studies, Mongin et al. (22)
reported the formation of triplet excitons on pyrene and anthracene ligands bound to CdSe NCs

t1 ~ ps
t2 ~ ns
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Figure 3

The sensitization of molecular triplet states (TL1, TL2, . . . , TLn) from the dark triplet-like F = ±2 state in
quantum dots.
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TADF: thermally
activated delayed
fluorescence

upon photoexcition of the CdSe component. These TA experiments directly showed evidence of
TET from inorganic NCs to bound organic ligands.

There is unequivocal evidence for the QD sensitization of molecular triplet states. From spin
conservation arguments, it is expected that the dark excitonic state in the QD, a few millielectron
volt below the lowest excited bright singlet state, is responsible for transferring triplets to
molecules. The lifetimes of the bright and dark state, and 1EST, the energy difference between
these two states, can be obtained via low temperature time-resolved PL and TA experiments
(23–28). This small 1EST minimizes losses in triplet photosensitization for photon UC and is
one of the advantages of using QDs for absorbing light. Interestingly, at low temperatures around
5−40 K, Lian and coworkers (29) found evidence of the bright state in CdSe/CdS core/shell
nanoparticles photosensitizing the triplet state of surface-bound sexithiophene. This is because
triplet transfer coupling matrix elements are nonzero for all exciton states (whether bright or
dark) in the QD as they have the same electron/hole spin projections.

The Dexter description of TET is a two-electron exchange integral (30). Thus, direct TET
between QDs and organics can occur by superexchange via virtual states for the simultaneous
transfer of both the hole and electron (31–34), or sequentially via charge separated interme-
diates (35, 36). The dominant mechanism depends on the nature of the QD surface and the
atomic details of the interface. QDs with more dangling bonds or surface trap states likely
bias TET towards charge-separated intermediates. The general expression invoking the Born–
Oppenheimer approximation describing nonadiabatic energy transfer is given by the Fermi golden
rule, kTET = 2π

ℏ · |HDA|2 · ρ(Ef ), where |HDA|2 is the electronic coupling matrix squared and ρ(Ef )
is the Franck-Condon factor-weighted density of states. |HDA|2 depends on the electronic coupling
between the molecular donor andNC acceptor and ρ(Ef ) on the overlap of the nuclear wave func-
tions of phonon and vibrational modes before and after energy transfer. If |HDA|2 is large, then
energy transfer in this hybrid system is adiabatic. Marcus theory (37) (Equation 1) is one possible
description of the rate of nonadiabatic energy transfer, where kET is proportional to the driving
force, or the energy offset between the triplet states of the NC acceptor and molecular donors,
1G0, and a prefactor that takes into account the frequency of surmounting the energetic barrier
where the donor and acceptor cross

kTET = 2π
ℏ

· |HDA|2 · 1√
4πλkBT

exp

(
− (λ + 1G0 )2

4λkBT

)
. 1.

In related work, Olshansky and Alivisatos (38) have estimated λ ∼ 0.4−0.5 eV for hole transfer
from CdSe-CdS core-shell NCs to surface bound ferrocene.

Equilibration of the triplet excited state between NCs and the surface bound molecules has
been described by the same model for molecules displaying thermally activated delayed fluores-
cence (TADF). TADF molecules have a small 1EST that allows intersystem crossing and reverse
intersystem crossing to occur within the samemolecule that is spatially carved into donor-acceptor
regions (39, 40). Temperature-dependent PL measurements show that the 1EST term related to
the exchange energy in TADF molecules is interchangeable with 1EGAP, the energy difference
between the QD excited state and the lowest excited triplet state on the molecule. For example,
pyrene functionalized CdSeNCs (22) and quinoline and naphthalene functionalized InP nanopar-
ticles (41, 42) exhibit thermally activated delayed photoluminescence whereby the nanoparticle
lifetimes are extended from tens of nanoseconds to hundreds of microseconds. This is analogous
to the delayed fluorescence inTADFmolecules and is attributed to the long-livedmolecular triplet
exciton toggling back and forth between the organic and NC.
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(a) The photon upconversion QY (maximum of 50%) is plotted with respect to the excitation and emission wavelengths. Different
quantum dot light absorbers are distinguished by color. (b) The energy diagram for CdSe/9-ACA sensitized photon upconversion with
DPA annihilator molecules. (c) A transmitter ligand (e.g., 9-ACA) is critical in promoting the orbital overlap necessary for efficient
Dexter transfer.Without this ligand, photon upconversion is 1,000 times weaker; i.e., no violet light is produced from green light under
the same conditions. Abbreviations: 9-ACA, 9-anthracene carboxylic acid; DPA, 9,10-diphenylanthracene; QY, quantum yield; TTA,
triplet-triplet annihilation.

2.2. Transmitter Ligands Are Essential for Efficient Photon Upconversion

Figure 4a s ummarizes the QDs that have been used for photon UC with molecular emitters (5,
21, 31, 33, 34, 36, 42–79) in terms of the photon UCQYs (out of a maximum of 50%). As observed
from the clustering in the emission wavelengths, the field is limited to certain emitter molecules,
specifically rigidmolecules (Figure 1a) that have the suitable energetics for efficientTTA, i.e., 2T1

slightly larger than S1. Broadly speaking, with T1 ∼ 1.1 eV (80), rubrene is used for NIR to yellow
photon UC with lead chalcogenide and CuInSe2 QDs. Perylene and 9,10-diphenylanthracene
(DPA), with T1 ∼ 1.5 eV and 1.8 eV, respectively (80), are used for green- or red-to-violet UC
with CdTe, CdSe, InP, perovskite, and CuInS2 silicon QDs. Finally, blue-to-ultraviolet photon
UC occurs with large band gap QDs like CdS and ZnSe since emitter molecules in the UV [e.g.,
2.5-diphenyloxazole (PPO) and 1,4-bis((triisopropylsilyl)ethynyl)naphthalene (TIPS-Nph)] are
relatively inefficient in terms of TTA because of their energetic triplet states and low fluorescence
QYs. The largest anti-Stokes shift reported so far is green to UV photon UC using perovskite
NCs and TIPS-Nph (53).

Surface bound transmitter ligands are key to the efficient spin-triplet exciton photosensiti-
zation necessary for high photon UC QYs. Typically, a transmitter has a conjugated core that is
similar to the emitter, so the triplet state of transmitters are close to that of the emitters. This
guarantees efficient energy transfer from QDs to the emitters. In addition, the close binding of
transmitters to QD surfaces ensures intimate orbital overlap between the donor and acceptor
for optimal wave function distribution between the QD triplet photosensitizer and the organic
emitter. For example, in Figure 4b, we show that the 9-anthracene carboxylic acid (9-ACA)
transmitter enhances CdSe sensitized photon UC by 3 orders of magnitude (70) whereby a green
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continuous-wave laser produces violet emission, whereas the same experiment in the absence of
a transmitter ligand mainly results in green CdSe QD PL and scatter of the green laser.

3. DESIGNING AN EFFICIENT ORGANIC QUANTUM DOT
UPCOVERSION PLATFORM

In this section, we describe the various factors affecting photon UC in this hybrid system.

3.1. Theoretical Background

The measured photon UC efficiency allows us to account for the losses during TET and TTA.
For the three-component UC platform comprising a QD sensitizer, transmitter, and emitter, ηUC

is described by the following equation:

ηUC = f × ηTET1 × ηTET2 × ηTTA × ηF, 2.

where f is the spin statistical factor defining the fraction of excited emitter triplets that produce a
singlet excited state via TTA. ηTET1, ηTET2, ηTTA, and ηF are the efficiencies of TET from triplet
photosensitizer to the transmitter, TET from the transmitter to the emitter (Figure 4b), TTA,
and emitter fluorescence, respectively. All the terms in Equation 1 have a maximum value of 1,
with the exception of ΦTTA, which is capped at 0.5. The TTA efficiency ΦTTA is affected by kT
and kTTA:

ηTTA = kTTA[3A∗]
2kTTA[3A∗]+ kT

. 3.

With the factor of 2 in the denominator in Equation 3, the maximum ηTTA equals 0.5. Thus, the
maximum ηUC equals 0.5.

3.2. Quantum Dot Design

As the photoexcited donor effects triplet energy transfer, the photon UC quantum yield, and ef-
ficiency of TET to the transmitter/acceptor, molecules are affected by the QD size, morphology,
and energetic distribution of defect states. Below we discuss these factors in detail.

3.2.1. Size. ηTET1, the efficiency of TET from QDs to transmitters, is correlated with QD size.
TET is the correlated or sequential transfer of both electrons and holes, and the rate follows
Marcus theory, contingent upon the driving energy (37), in this case the QD-transmitter triplet
energy offset. Therefore, small QDs with a large driving force for TET are preferred for fast and
efficient TET (35, 36, 81). This size dependence has been experimentally proven with different
kinds of QDs. In green-to-violet UC, when the diameters of wurtzite CdSe QDs vary from 2.7
to 5.1 nm, the corresponding ηUC decreases from 7.5% to 0.26% (Figure 5a) (71); the same size
dependence was observed in zinc-blende CdSe QDs where the kTET1 obtained from TA dropped
from 59.8 ns−1 to 6.74 × 10−5 ns−1 with the increase of the QD radius from 1.20 to 2.66 nm (72).
For NIR-to-visible UC, ηUC is impacted by the size of PbS(Se) QDs by a factor of 700 (67). It is
worth noting that the efficient TET1 and UC with small QDs comes at the price of the energy
loss rendering a smaller anti-Stokes shift.

3.2.2. Morphology. Other than zero-dimensional QDs, one-dimensional nanorods and two-
dimensional nanoplatelets can sensitizeUC.The anisotropic nature of nanorods and nanoplatelets
makes it possible to deduce if TET at organic-inorganic interfaces is directional or polarization
related. In 2020, theNienhaus group (55) first reported triplet photosensitization by nanoplatelets.
As shown in Figure 5b, CdSe nanoplatelets combined with 9-ACA transmitters and DPA emit-
ters upconvert green-to-violet light. In comparison with CdSe QDs under the same conditions,
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(a) The dependence of green-to-violet UC on the size of CdSe QDs. (b) Green-to-violet UC sensitized by CdSe nanoplatelets. (c) The
power dependence of near-infrared-to-visible UC sensitized by PbS/CdS core-shell QDs. (d) The hole rerouting effect in TET from
Au-doped CdSe NCs to surface anchored 9-ACA. Abbreviations: 9-ACA, 9-anthracenecarboxylic acid; HOMO, highest occupied
molecular orbital; LUMO, lowest occupied molecular orbital; NC, nanocrystal; PL, photoluminescence; QDs, quantum dots; QY,
quantum yield; TET, triplet energy transfer; TTA, triplet-triplet annihilation; UC, upconversion. Panel a adapted with permission
from Reference 71; copyright 2015 American Chemical Society. Panel b adapted with permission from Reference 55; copyright 2020
American Chemical Society. Panel c adapted with permission from Reference 5; copyright 2016 American Chemical Society. Panel d
adapted with permission from Reference 56; copyright 2020 John Wiley & Sons, Inc.

CdSe nanoplatelets exhibit a larger absorption cross section that allows for a lower concentration
of sensitizers during UC. Additionally, the sharper emission of nanoplatelets compared to QDs
indicates that the inhomogeneous broadening is minimized because the exciton energy is only
determined by platelet thickness. Nonetheless, the total ηUC is only 4.6%, less efficient than the
8.0% for QDs. This is explained in a follow-up study (43) from the same group: Nanoplatelets
easily stacked, and triplets of surface-anchored 9-ACA tend to annihilate to singlets instead of
transferring to DPA. However, not only are 9-ACA singlets less emissive than DPA, but they can
be quenched by the CdSe nanoplatelet, resulting in inefficient UC. This argument also applies to
nanorods that upconvert red light to blue with an efficiency of 2.1% (52). Perhaps a bulky trans-
mitter ligand is needed for nanoplatelet and nanorod sensitized UC systems to avoid molecular
stacking/aggregation in order to obtain UC efficiencies comparable to spherical QDs.

3.2.3. Defect-mediated triplet energy transfer. In semiconductor QDs, lattice imperfections
such as atomic vacancies, impurities, or surface dangling bonds may introduce exciton traps that
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modify the dynamics of energy or charge transfer fromQDs to acceptors. Specifically, while TET
might be slowed down by the fast trapping of electrons, holes, or both, the total ηUC can be
enhanced or diminished (46, 82). Below, we discuss the role of defects in TET and UC.

Typically, intrinsic defects such as surface dangling bonds or lattice vacancies are widely
distributed in energy and vary from sample to sample.These are challenging to control experimen-
tally and are detrimental to TET and UC. It has been reported that ηUC is positively correlated
with the PL QYs of QDs (71). This suggests that defect-induced nonradiative recombination is
one of the decay pathways that competes with TET. Besides, the defect states trap the excitons
and slow down TET1. Jin & Lian (83) showed that the rate of TET from CdSe QDs to the sur-
face anchored 9-ACA is 13–37 times slower for trap excitons than band edge excitons depending
on the energy levels of the defect states. Since the surface defects can be effectively passivated by
inorganic shells, a series of core-shell QDs have been used to promote TET and UC (45, 49, 65,
66, 84). For example, the growth of a CdS shell enhances the ηUC of PbS QD sensitized NIR-
to-visible UC by a factor of 1.43 (34). This increase in ηUC is attributed to the enhanced ηTET1

due to the suppression of hole transfer from PbS QDs by the CdS shell. Additionally, PbS/CdS
core-shell QDs reduce the UC threshold intensity down to 3.2 mW/cm2, three times lower than
the solar flux (Figure 5c) (5). This allows QD-sensitized UC to be operable under solar flux and
potentially applied in solar energy conversion.

In comparison, extrinsic defects that are well controlled in energetics by doping or surface
adsorption can facilitate TET and UC. A fast trapping of excitons by these dopant-induced de-
fect states circumvents electron-hole recombination and generates long-lived trapped excitons for
subsequent TET to transmitters. In 2020, Ronchi et al. (56) reported Au-doped CdSe QDs can
sensitize green-to-violet UC, with ηTET1 close to unity. They reported the record efficiency of
QD-sensitized UC of 12%. This is due to the hole rerouting effect shown in (Figure 5d): Ef-
ficient hole capture by the Au+ state and long-lived trapped excitons enable loss-free TET to
9-ACA transmitters. Other than doping, Mahboub et al. (61) showed that surface states on PbS
QDs created by the adsorption of Cd2+ and Zn2+ can mediate TET by exciton trapping, resulting
in 700- and 325-fold enhancements in ηUC; Han et al. (60) also presented that CuInS2 QDs with
excitons self-trapped into Cu-related states result in a 92.3% TET efficiency despite a relatively
slow rate of TET.

3.3. Transmitter Design

As the firstmolecular acceptor during the initial step of energy transfer, the efficiency ofTET from
the QD donor is affected by transmitter ligand surface coverage, its distance from the surface of
the QDs, and its binding group. Below we discuss these factors in detail.

3.3.1. Surface coverage. The surface coverage of transmitter ligands, n, plays a key role in de-
termining ηUC. As presented in Figure 6a, the UC intensity initially increases with n and then
drops if n goes beyond the optimum (69). While the rate and efficiency of TET1 increase with
n, the efficiency of TET2 may decrease if n is too high. This is because densely packed transmit-
ters lead to intermolecular interactions such as excimer formation or TTA of transmitters on the
surface of the QD (66), which hinders the transfer of transmitter triplets to emitters. Though the
annihilation of two triplets in the transmitter ligands generates a bright singlet state, close prox-
imity to the QD leads to a quick reabsorption of the transmitter exciton. In addition, the emission
from the transmitter singlet state is not efficient because the fluorescence QYs of transmitters
are typically lower than that of emitters (85). An aforementioned example is that the hypothesized
TTA of 9-ACA transmitter ligands when nanoplatelets sensitizers stack, resulting in a much lower
ηUC (43). Another explanation of the ηUC-n relationship is that the strong electronic coupling
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coefficients of triplet energy transfer from CdSe QDs to anthracene with aromatic and aliphatic bridges. (c) Two scenarios of QD (NC
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between transmitters and QDs can induce excimer formation or partial hybridization (47). The
increase of n shifts the hybridized triplet states to lower energy that is not energetically favorable
for TET2 (Figure 6d).

3.3.2. QD-transmitter spatial separation. The distance between QDs and transmitters de-
termines the rate of TET, which is correlated with ηTET1. However, closer or faster is not always
better for ηUC. A fast TET1 and high ηTET1 may be accompanied by a low ηTET2. Gray et al. (50)
studied UC sensitized by PbS QDs with four tetracene-based transmitters that are energetically
and structurally similar. Despite having the largest QD-transmitter distance and the slowest QD-
to-transmitter TET among all four transmitters, the tetracene derivative with benzoic acid at the
5-position shows the highest ηUCthanks to this molecule having the longest triplet lifetime that is
beneficial to TET2. The same conclusion was reported by Xu et al. (33, 86), wherein the triplet of
transmitters closely bound to PbS QDs are quenched by the heavy atom effect and result in a low
ηTET2. Therefore, the QD-transmitter distance must be controlled to balance ηTET1 and ηTET2 for
an optimal ηUC.

The design of transmitters with an optimal QD-transmitter distance requires understanding
the dependence of kTET1 on distance. As the TET between QDs and organic molecules follows
a Dexter-like mechanism (19, 32, 33, 63, 68, 87), there is an exponential distance dependence
(Figure 6b) described as

kTET1 = k0e−βd ,

where k0 is the prefactor, d is the QD-transmitter distance, and β is the damping coefficient. β is
contingent upon the coupling between QDs and transmitters as well as the energy of the spacer
that triplet excitons tunnel through. For aromatic spacers such as phenylene, β varies from 0.3 to
0.7 Å−1 for different QD-transmitter combinations (32, 68); for aliphatic spacers, β can be as high
as 2 Å−1 due to the higher energy barrier compared to that of phenylene (48). It is worth noting
that when the energy barrier of spacers is comparable to the state energy of the dark, triplet-
like exciton of the QD, triplet excitons hop instead of tunnel through the energy barrier, and the
distance dependence decreases from exponential to ohmic (32).

3.3.3. Binding group. The anchoring group changes the dynamics of TET by means of
affecting theQD-transmitter electronic coupling.First, the position of anchoring groups on trans-
mitters determines the binding geometry that modifies the wave function overlap between QDs
and transmitters (64). Two reports from the Tang group (70, 85) showed the different UC inten-
sity with isomeric anthracene carboxylic acid as transmitters in CdSeQD-sensitized UC.This was
explained by He et al. (57) as the modification of QD-transmitter coupling by transmitter bind-
ing geometry (Figure 6c): The orthogonal configuration between carboxylate and anthracene in
9-ACA leads to a through-space coupling, while the coplanar configuration in 2-anthracene car-
boxylic acid (2-ACA) allows for the through-bond coupling. For strongly confined QDs such as
CdSe, the carrier wave function amplitude is high on QD surfaces. As the anthracene moiety in
9-ACA is closer to QDs than that in 2-ACA, TET to 9-ACA is more favorable. On the contrary,
for relatively weakly confined QDs such as CsPbBr3, the carrier wave function amplitude is low
on QD surfaces, and only through-bond coupling is allowed. In this case, ηUC with 2-ACA as the
transmitter is higher.

Second, strong electronic coupling betweenQDs and transmitters can be achieved by selecting
proper binding groups, which greatly enhance ηTET1 and ηUC (31).Wang et al. (47) demonstrated
that efficient Si QD-sensitized UC can be achieved with a 9-vinylanthracene transmitter ligand
with ηUC of 8.6%, the record for the Si QD-based UC. This is attributed to the strong cou-
pling and hybridization of valence states between anthracene and Si QDs (Figure 6d), as seen
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in both experimental and computational studies. In the TA spectra, upon the excitation of the Si
QDs, there appears a new band centered at 480 nm. This band is distinct from the molecular an-
thracene triplet state and assigned to delocalized mixed Si:anthracene states with triplet character.
Density functional theory calculations shows that the hole and electron comprising the photo-
generated triplet exciton are significantly delocalized throughout Si QDs and 9-vinylanthracene,
suggesting a strong electronic coupling through the C=C bridging group. In comparison, when
theπ-bridge is replaced with a σ-bridge, the triplet exciton remains localized to 9-ethylanthracene,
which means Si QDs and anthracene are not strongly coupled through an aliphatic C–C bridge.
This work provides a new way to tailor electronic coupling between molecules and QDs through
linker chemistry.

4. CHALLENGES AND FUTURE DIRECTIONS

4.1. Low ηUC in Solution Phase with Quantum Dot Sensitizers Compared
with Molecular Sensitizers: Low ηTET1 × ηTET2

The highest ηUC sensitized by QDs is about half of that with molecular sensitizers; e.g., when
comparing CdSe and PtOEP triplet photosensitizers with the same DPA emitter, ηUC = 12% for
CdSe (56) compared to 27% for PtOEP (88). In another example, for the same TIPS-Nph emit-
ter, ηUC = 10.3% with an Ir-based organometallic complex (4) compared to 5.1% with perovskite
NCs (59). The difference lies in the TET from sensitizers to emitters. While ηTET is ∼100% for
molecular-sensitized UC, it is challenging to maximize ηTET1 and ηTET2 in QD-sensitized UC si-
multaneously. The equivalent ηTET, the product of ηTET1 and ηTET2, is far from unity. As discussed
by Xu et al. (33) (Figure 7a), when ηTET1 is maximized by shortening the distance between QDs
and transmitters, there is a fast quenching of transmitter triplets by QDs, rendering a low ηTET2;
on the other hand, when transmitters are controlled to be far enough from QDs for quantitative
ηTET2, ηTET1 is low. Three methods to address this issue are proposed. Firstly, precisely control
the QD-transmitter distance to maximize the product of ηTET1 and ηTET2 (86). Secondly, design a
transmitter-free system by using short surfactants to minimize energy barriers for Dexter energy
transfer (48, 63). And lastly, use QDs based on light elements like Si (47, 79) with insignificant
spin-orbit coupling.

4.2. Low ηUC in Solid-State Upconversion: ηTTA and ηF

The application of UC in optoelectronic devices requires efficient photon UC in the solid state.
However, the highest efficiency of UC films is only 3.5% (63). This is because emitters in the
solid state aggregate to diminish ηTTA and ηF in UC. Specifically, molecular diffusion is hindered
in the solid state, so TTA based on the triplet exciton diffusion may be slowed down, especially
at grain boundaries or defects in UC films. Besides, aggregated emitters typically demonstrate
concentration quenching or low emitter fluorescence QYs (low ηF) (90, 91). Furthermore, excimer
formation may occur, or close packing might promote the reverse process of TTA, i.e., singlet
fission. Both processes deplete emitter singlets, resulting in low ηTTA (92–95), which is detrimental
to ηUC. One way to overcome these challenges is to optimize the emitter design by incorporating
emitters into gels, amorphous polymers, and crystalline structures, etc., which has been discussed
in detail elsewhere (96). The other is to dope an energy reservoir into UC emitters. For example,
∼0.5–1% dibenzotetraphenylperiflanthene (DBP) is typically used to dope rubrene layers in PbS
QD-sensitized UC (Figure 7b) (21, 51, 97–99), a strategy adopted from the OLED community.
As the S1 energy of DBP is slightly lower than that of rubrene, energy can be transferred from
rubrene singlets to DBP after TTA, via dipole-dipole coupling at unity efficiency. The sparsely
dispersed DBP can emit photons through fluorescence efficiently.
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light beyond the Si band gap is demonstrated with PbS QD sensitizers, tetracene-based transmitters, and a violanthrone derivative as
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permission from Reference 33; copyright 2020 American Chemical Society.

4.3. Reabsorption and Outcoupling

QDs quench the excited singlet state of emitters in the near field, and they reabsorb the upcon-
verted emission in the far field. Both are loss mechanisms, detrimental to ηUC. To address the
former, the strategy in solid-state UC devices is separate layers of QDs and emitters (21, 51, 58,
63, 98). Instead of mixing QDs with emitters in solution and then casting films, this strategy effec-
tively minimizes the direct quenching of emitter S1 by QDs, and a record efficiency of 3.5% for
solid-state UC has been obtained. However, in this geometry, TET from the QD to the emitter
can only occur at the QD-emitter bilayer interface, and this requires lossless triplet exciton trans-
port within QD layers for a high ηUC. Since this is challenging, typically, an ultrathin QD layer
with only a few monolayers is used in UC devices. Another solution would be making use of the
emitter S1 before quenching occurs. The Wu group (44) demonstrated the application of ZnS-
coated CuInSe2 QD/rubrene NIR-to-visible photon UC for photocatalysis. Instead of collecting
the upconverted photons, they showed that photoredox reactions can be directly triggered by the
rubrene S1 state.
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4.4. Conversion of Photons Beyond the Si Band Gap Is Challenging

As the photovoltaics market is still dominated by silicon, it is important to design UC devices
that can harvest light beyond the Si band gap. So far, two papers have demonstrated the possi-
bility of converting light from ∼1,100 nm to visible wavelengths. Nishimura et al. (100) reported
that PbS QDs combined with 5,11-bis(triethylsilylethynyl)anthradithiophene (TES-ADT) emit-
ters can upconvert 1,064 nm to visible. The authors claim that the thiophene group in TES-ADT
enables a close association with PbS QDs. In this system, TES-ADT serves as both transmitter
and emitter. However, the ηUC is only 0.047%, limited by the low TET efficiency from PbS QDs
to TES-ADT (8.8%) and the low fluorescence QY of TES-ADT (5.4%). Separately, Gholizadeh
et al. (89) showed the UC of 1,140-nm light to visible with PbS QD sensitizers, tetracene-based
transmitters, and a violanthrone-derivative emitter, as shown in Figure 7c.While the use of trans-
mitters boosts the total TET efficiency (ηTET1 × ηTET2) to be 38.3%, the ηTTA is only 0.65%,
rendering ηUC to be 0.031%.Therefore, new transmitters and emitters with proper triplet energy
and efficient ηTTA and ηF are needed for an efficient conversion of light with wavelengths longer
than the Si band gap.

5. CONCLUSIONS

In this review,we introduced a hybrid organic-QDUCplatform and reviewed the current status of
this field. By enhancing TET across this organic-inorganic interface, the efficiencies of this TTA-
based photon UC platform have been increased by minimizing defects in QDs and designing
transmitter ligands that promote Dexter energy transfer. Nonetheless, the strong reabsorption of
upconverted light by QDs, the challenge in perfectly passivating the QD surface without a thick
inorganic shell, and the dearth of efficient TTA chromophores for energy conversion of mid-
infrared photons pose problems that need a solution. New materials and better device design are
needed to for this photonUC platform to be applied in photovoltaics, photocatalysis, or biological
imaging.
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