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The process of photon upconversion promises
importance for many optoelectronic applications, as it can result
in higher efficiencies and more effective photon management.
Upconversion via triplet—triplet annihilation (TTA) occurs at low
incident powers and at high efficiencies, requirements for
integration into existing optoelectronic devices. Semiconductor
nanocrystals are a diverse class of triplet sensitizers with advantages
over traditional molecular sensitizers such as energetic tunability
and minimal energy loss during the triplet sensitization process. In
this Perspective, we review current progress in semiconductor
nanocrystal triplet sensitization, specifically focusing on the
nanocrystal, the ligand shell which surrounds the nanocrystal,
and progress in solid-state sensitization. Finally, we discuss
potential areas of improvement which could result in more
efficient upconversion systems sensitized by semiconductor nanocrystals. Specifically, we focus on the development of solid-state
TTA upconversion systems, elucidation of the energy transfer mechanisms from nanocrystal to transmitter ligand which underpin
the upconversion process and propose novel configurations of nanocrystal-sensitized systems.

upconversion, nanocrystals, excitons, luminescence, energy transfer

process. Radiative relaxation of the generated spin-singlet state
yields the desired higher energy photon.

The rapid generation of triplet states in TTA-active
molecules termed triplet annihilators, or, simply, annihilators,
cannot occur directly, since direct singlet-to-triplet absorption

Manipulation of photon energy is a promising approach
toward utilizing the solar spectrum to its full potential. In
particular, the generation of higher energy photons from lower
energy photons via photon upconversion (UC) has potential

to advance photovoltaics (PV)"? beyond the detailed-balance is a spin-forbidden process. Thus, a triplet sensitizer capable of
limit of single-junction solar cells.® In addition, UC has populating the triplet state of an organic annihilator by, eg,
potential applications in other disciplines* such as biological energy transfer, is commonly employed.” Decades after the
imaging,” and optogenetics.® To ensure compliance with seminal work by Parker and Hatchard, which reported
fundamental energy conservation laws, a minimum of two “delayed fluorescence” from anthracene and phenanthrene,10
lower energy photons are combined to generate the desired early works by the Castellano group'' and Baluschev et al."”
higher energy photon. For successful integration into devices coupled metal—organic triplet sensitizers with organic
and widespread technologies, UC systems which efficiently annihilators and prompted the rapidly evolving field of
upconvert light across the electromagnetic spectrum with low sensitized TTA-UC. The development of metal—organic triplet
incident powers must be designed. These aims have been met sensitizers paved the way for novel triplet sensitization routes,
most consistently through the process of triplet—triplet including direct singlet-to-triplet absorbing sensitizer materi-
annihilation (TTA).” Since TTA is mediated through a long- als,” bulk'*"* and two-dimensional (2D) semiconductors,'®"”
lived spin-triplet state, TTA is typically more efficient at lower and semiconductor nanocrystals (NCs)."®

incident powers than other UC techniques,” especially those

taking advantage of the ladder-like 4f states of lanthanide ions.” June 21, 2022 S areriALsE
A schematic detailing the process of TTA is shown in Figure 1: July 25, 2022

the combination of two anticorrelated triplet states results in July 26, 2022

the population of an excited singlet state in a spin-allowed August 7, 2022
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Figure 1. Schematic of NC-sensitized TTA-UC. (a) Direct TTA:
Triplet excitons are transferred directly from the NC to an annihilator
via triplet energy transfer (ET). TTA yields the high energy singlet
state. (b) Ligand-mediated TTA: Triplet excitons are transferred from
the NC to a surface-bound transmitter ligand. A second ET step
populates the annihilator, enabling TTA. (c) Illustration demonstrat-
ing the two triplet sensitization pathways. Direct ET to the annihilator
occurs (left) and ligand-mediated population of the annihilator triplet
state (right).

NCs have tunable band gap energies due to quantum
confinement.'” The development of NCs in the past few
decades has realized highly emissive materials with tunable
band gap energies throughout the visible and infrared (IR)
spectrum.”’ High photoluminescence (PL) quantum yields
(QYs),”" narrow emission line widths,”* and synthetical band
gap tunability”® have enabled their widespread application in
biosensing/bioimaging,24 lighting,25 photovoltaics, ¢ and trip-
let sensitization.'®”’

Put together, NCs can serve as efficient triplet sensitizers
capable of populating triplet states in organic molecules. While
the scope of this Perspective focuses on NC-sensitized TTA-
UC, the broad concept of triplet sensitization can also be used
to drive photochemical transformations.””* More recently,
NC triplet sensitizers have served as photocatalysts, mediated
through a triplet—triplet energy transfer process.’””' Thus,
advancements in NC triplet sensitization for use in TTA-UC
schemes could yield more efficient NC photocatalysts, and vice
versa.””

In this Perspective, we focus specifically on current research
which utilizes NC-sensitized triplet generation for TTA-UC.
Specifically, we begin with a concise review, discuss current
challenges, and address the requirements to improve NC-
sensitized TTA-UC.

Initially, metal—organic complexes were employed as triplet
sensitizers in TTA-UC schemes. The heavy atom effect
induces spin—orbit coupling, allowing for facile intersystem
crossing (ISC) and, thus, triplet generation in the sensitizer
molecule.”> However, the energy gap between singlet and
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Figure 2. Schematic summarizing the approaches of NC-centered modifications that have been implemented toward improving TTA-UC. Top left:
empbhasis on development of nontoxic NCs. Top middle: the energy of a NC band gap is size dependent. Top right: passivation of the NC surface
is often achieved by ligand addition or coating the surface with another material. Bottom left: the number of dimensions in which NCs are confined
can be altered. Bottom middle: the Bohr exciton diameter, and therefore the possible extent of quantum confinement, varies between NC
compositions. Bottom right: at the surface of the NCs, vacancies can be filled by the binding group of the ligand or by the shell material.
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triplet states in metal—organic complexes leads to a large
inherent energetic loss typically on the order of 0.3—1
eV,">**3% motivating the search for other sensitization routes.
The observation that lead chalcogenide NCs can act as triplet
acceptors via energy transfer from conjugated organic
chromophores,” in concert with the motivation for lessened
exchange losses, paved the way to the first series of NC-
sensitized TTA-UC systems.”””®

In all, NCs are promising triplet sensitizers for many reasons
but especially due to their electronic fine structure. Direct
energy transfer to organic molecular triplet states can occur
upon excitation across the band gap, as singlet/triplet splitting
(bright/dark state splitting) is on the order of 10 meV, which
is significantly less than those of their metal—organic
counterparts.””*’ The unique fine excitonic structure of NCs
can be studied using both variable temperature and magnetic
field in combination with PL spectroscopy characteriza-
tion.' ™ In addition, low temperature studies can be used
to unravel the role of defect sites in triplet energy transfer
(TET).** This direct energy transfer mechanism is shown in
detail in Figure la, where the triplet state (T,) of an
annihilator molecule can be populated through a Dexter-type
exchange transfer (ET) of an exciton upon excitation across
the band gap.*

In less than a decade, research focused on employing NCs as
triplet sensitizers for TTA-UC schemes has rapidly expanded.
Early difficulties, namely, the interplay between imperfect NC
surface passivation and the long-chain native organic ligands
that impede energy transfer, were among the first problems to
solve. Passivation strategies and core—shell heterostructures
have been utilized to solve the former,***” while the use of
surface-bound triplet acceptors, typically called transmitter
ligands, which serve as a mediator between the sensitizer and
annihilator, have mitigated the latter.** This novel approach,
introduced by Tang and co-workers in 2015” is shown in
Figure 1b, where a bound photoactive ligand mediates energy
transfer between the nanocrystal and the triplet annihilator,
enabling TTA-UC upon the population of two excited
annihilator triplet states (Figure 1c).

Here, we briefly review the seminal works that have formed
the foundation of NC sensitization with three focus directions.
First, we discuss the nanocrystal sensitizer itself, in terms of its
composition, passivation, and morphology. We then turn to
the ligand surface, both native ligand and transmitter ligand
added postsynthesis. Finally, we turn our attention to solid-
state TTA-UC devices.

First, we briefly review the developments in NC sensitization
focused specifically on the NC, as summarized in the schematic
in Figure 2. Specifically, improvements to the NC composition,
morphology, size, and surface passivation have resulted in less
toxic and more efficient TTA-UC systems. Varying the NC
composition can tune the energy while also exploring novel
NC compositions that are nontoxic, which could be especially
useful in vivo. Likewise, exploring different NC morphologies
can endow novel properties on the TTA-UC system resulting
from the unique NC shape. Additionally, the NC size can tune
the efficiency of energy transfer through the energetic driving
force and the degree of electronic coupling between NC and
triplet mediator, while the degree of surface passivation can
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reduce the likelihood of parasitic pathways to energy transfer.
Here, we briefly review the developments in these areas.

2.2.1. Composition. The chemical composition of the NC
is an important determining factor of successful triplet
sensitizer functionality within TTA-UC systems. Huang et al.
demonstrated NC-sensitized TTA-UC in a seminal work in
2015, where TTA-UC was achieved in both PbSe and CdSe
NC-sensitized systems.”” In both UC schemes, organic
molecules with accessible and long-lived triplet states were
chosen as triplet acceptors/annihilators. Pairing a near-infrared
(NIR) absorber, PbSe NCs, with a visible emitter, rubrene,
resulted in NIR-to-visible UC; similarly, pairing a green-
absorbing CdSe NC with blue-emitting 9,10-diphenylanthra-
cene (DPA) resulted in green-to-blue UC. While the PbSe
NCs directly sensitized the triplet state of the rubrene
annihilator, the CdSe NCs required a triplet mediating ligand
to sensitize the DPA annihilator. Incorporation of 9-anthracene
carboxylic acid (9-ACA) as the transmitter ligand for a CdSe
NC-sensitized system enabled efficient TTA-UC in DPA.
Transmitter ligands for NIR PbS and PbSe NCs have also been
developed since this initial work to enable more efficient NIR-
to-visible UC.**° For more information on transmitter
ligands, we refer the reader to section 2.3.

After this seminal work, many attempts have been made to
improve NC-sensitized TTA-UC systems'® in three areas,
which can be quantified using three figures of merit. The UC
QY is a measurement of the efficiency of the UC process as a
whole, ie, the percent of UC photons emitted over the
photons absorbed by the sensitizer,”" analogous to a standard
PL QY measurement. The maximal UC QY is 50%, as TTA-
UC is a two-to-one photon conversion process, and most NC-
sensitized TTA-UC works have normalized this UC QY to a
UC efliciency, multiplying the UC QY by a factor of 2 to
normalize to 100%. For clarity, all UC efficiencies reported in
this Perspective are absolute UC QY, where some normalized
values were divided in half from their originally reported
values. Additionally, the power threshold, I, describes the
power density at which TTA becomes the dominant triplet
decay pathway.’>” Ideally, this power threshold will be as low
as possible. Finally, the apparent anti-Stokes shift describes the
shift in energy of the UC emission relative to the sensitizer
absorption.”* Overall, we can summarize the progress of the
works briefly reviewed and summarized here in Table 1, where
the overall system compositions (sensitizer/transmitter ligand/
annihilator, UC QY, power threshold I, sensitizer absorption
wavelength, and UC emission wavelength) are given. We note
here though that not all values are perfect comparisons, as the
power threshold I;, depends on the sample absorbance and the
excitation wavelength.”'

The NC composition determines the Bohr exciton diameter
and the spectrum of possible band gap energies and thus, some
compositions will be better suited for certain applications. The
previously introduced work by Huang et al. highlights this idea,
where matching compatible NC compositions with annihilator
molecules results in different apparent anti-Stokes shifts.”” The
electronic properties of the NC can also be tuned by doping,
which can be used to adjust the energetic alignment between
NC and annihilator. For example, Ronchi et al. doped CdSe
NC sensitizers with gold in order to mitigate alternative
nonradiative decay pathways, such as hole transfer, thus
allowing the excitonic energy transfer from NC to transmitter
ligand (denoted ET1) to be a more favorable process.>

https://doi.org/10.1021/acsmaterialsau.2c00047
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Table 1. Table Summarizing Various TTA-UC Systems
Described in This Perspective as Well as Their Respective
Upconversion Quantum Yields (UC QY), the Power
Threshold Iy, the Peak Absorption Wavelength of the
Sensitizer (4,,,), and the Peak UC Emission Wavelength

(A’em) “

TTA-UC system UuC Qy Iy Aem
composition (%) (mW/cm?) Asps (nm) (nm) ref
solution-based UC

PbSe NC/rubrene 0.005 N/A 980 560 37

CdSe NC/9-ACA/ 4.5 N/A ~530 425 37
DPA

PbS NC/CPT/ 0.85 N/A 907 560 49
rubrene

PbSe NC/CPT/ 1.07 N/A 845 560 49
rubrene

PbS/CdS NC/5- 4.2 32 850 560 50
CT/rubrene

CdSe:Au NC/9- 12 200 495 425 5SS
ACA/DPA

CsPbX; NC/ 0.65 25 ~610 425 56
AEDPA/DPA

CulnS,/ZnS NC/9- 9.3 4700 505 425 57
ACA/DPA

InP/ZnSe/ZnS 5.0 0.57 540 425 58
NC/9-ACA/DPA

ZnSe/ZnS NC/ 3.1 2.4 400 335 59
BCA/DTBN

Si NC/9-EA/DPA 7.5 N/A N/A 425 60

(488 nm ex)

CdSe NC/9-ACA/ 7.9 N/A 511 425 61
DPA

CdTe NR/9-ACA/ 1.92 93 612 425 62
DPA

CdSe NPL/9-ACA/ 2.52 237 545 425 63
DPA

PbS-ZnS NC/ 0.14 N/A 983 560 64
rubrene

PbS NC/5-CT/ 5.9 53400 836 560 65
rubrene

CdSe NC/9-ACA/ 5.9 N/A 504 425 66
DPA

CdSe NC/1-ACA/ 1.9 N/A 504 425 66
DPA

CdSe NC/1- 1.5 N/A 504 425 66
ADTC/DPA

CsPbBr; NC/2- 6.5 6900 450 425 67
ACA/DPA

CdSe NC/ADP/ 8.5 163 500 425 68
DPA

PbS NC/TES-ADT 0.145 66 000 864 580 69

CdSe NC/DPA 3.47 N/A 535 425 70

solid-state devices

PbS NC/rubrene/ 3.5 N/A 790 610 71
DBP

PbS NC/rubrene/ 0.8“ 11 000 960 560 72
DBP/AIQ,

PbS NC/rubrene/ 0.05 13 960 560 73
DBP
(microcavity)

CdSe NC/9-ACA/ 1.5 N/A ~520 425 74
DPA

CdSe/CdS NC/ 0.00045 1000 ~620 ~440 75

anthracene MOF
“Internal UC QYs normalized to the QY of rubrene/DBP.

In addition to IV—VI and II-IV semiconductor NCs,
perovskite nanocrystals (PeNCs) have become a popular
triplet sensitizer since the initial report in 2017, where green-
to-blue UC was achieved using CsPbBr; PeNCs.”*’® While
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IV—VI, II-1V, and PeNC compositions are among the most
widely used for TTA-UC, there is apprehension on account of
their toxic Cd- and Pb-based compositions. This is particularly
relevant when considering the possibility of implementing
these systems into in vivo applications such as bioimaging or
optogenetics.””” Thus, the development of more benign NCs
for TTA-UC has been pursued.”’

Wu and co-workers were the first to report nontoxic NC-
sensitized TTA-UC by using shelled ternary CulnS, NCs, 9-
ACA transmitter ligands, and DPA annihilators (see section
2.2.4 for more about NC passivation and shelling).””
Furthermore, InP NCs have been pursued to replace the
more toxic II-VI NCs,*® but the low native PL QYs of InP
NCs indicates that surface passivation is required for use in
optoelectronic applications.”® For ultraviolet (UV)-to-visible
UC, Wu and co-workers have recently reported TTA-UC
sensitized by ZnSe/ZnS NCs, representing an important first
step in UV light generation using less toxic NCs.*” Si NCs have
also been utilized as triplet sensitizers in NIR-to-visible TTA-
UC systems that can maintain UC performance under ambient
conditions for longer time periods than the more typical CdSe
NC-based systems due to polymerization of the passivating
ligands on the NCs.”” The enhanced oxygen resistance of the
Si system was significant given that spin-triplet states are
quenched by oxygen. The oxygen sensitivity of TTA-UC
systems is an important hurdle to overcome, especially for in
vivo systems. In all, the development of nontoxic NC
sensitizers is vital for the pursuit of TTA-UC in vivo.

2.2.2, Size Dependence. One of the most notable features
of NCs is their size-dependent band gap.”” Small NCs, relative
to the Bohr exciton diameter, will have a higher band gap due
to a larger degree of quantum confinement. NC sizes can be
varied by the synthetic conditions, such as temperature or
growth time. For triplet sensitization, it is vital that the NC size
be tuned such that sufficient driving force for energy transfer to
a triplet acceptor is obtained.*” In line with the Marcus normal
regime,81 an increase in energetic driving force from NC
sensitizer to triplet transmitter ligand (ET1 in Figure 1b and c)
generally leads to a higher energy transfer rate and efficiency,
which can in turn contribute to a higher UC efficiency.®"*~%*
Indeed, this trend has been demonstrated in both CdSe NCs
and Pb-based NC-sensitized systems.”"*>®® Since increasing
the driving force results in greater energetic losses during ET1,
the increased UC efficiencies must be weighed against the cost
of reduction of the apparent anti-Stokes shift.*®

Utilization of smaller NCs has also been observed to
correlate to longer excited triplet lifetimes of the bound
transmitter ligand, measured by transient absorption spectros-
copy.®" Such elongated transmitter ligand lifetimes allow more
time for diffusion-mediated energy transfer from the trans-
mitter ligand to the annihilator (ET2 in Figure 1b) to occur.®
While the exact reasoning for this observation is not yet fully
understood, this is yet another way in which smaller (more
confined) NCs have been shown to have superior sensitization
performance.

Wu and co-workers have argued that the wave function
amplitude on NC surfaces, rather than the energetic driving
force, is the primary source of improved ET1 outcomes and
UC efficiencies for smaller sized NCs.””***” Given that NCs
with a greater degree of quantum confinement feature
relatively higher exciton wave function leakage beyond the
NC surface”* and ET1 is a Dexter-type process that requires
wave function overlap between donor and acceptor,* it should

https://doi.org/10.1021/acsmaterialsau.2c00047
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follow that smaller, more quantum confined NCs are more
effective sensitizers.*’ Indeed, a linear relationship between the
rate of ET1 and the carrier probability density at the NC
surface was observed in CsPbBr; NC-sensitized systems.**
This theory may also explain the observation that PbSe NCs,
with a Bohr exciton diameter of 92 nm, outperform
com%parable PbS NCs, with a Bohr exciton diameter of 32
m.””*¥* Additionally, it explains why CdSe NCs with a Bohr
exciton diameter of 10.2 nm must be functionalized with
transmitter ligands in order to produce relatively efficient UC,
as shown in the seminal work on NC-sensitized UC.>”*>*’

2.2.3. Variation of Morphology. Most commonly,
sphere- or cube-shaped quantum NCs which are confined in
all three dimensions, ie., zero dimensional (0D) NCs or
quantum dots (QDs), have been used as triplet sensitizers.
Quantum confinement effects can be relaxed in one or two
dimensions, resulting in one-dimensional (1D) NCs, such as
nanorods (NRs)” or nanowires,”" or two-dimensional (2D)
NCs, such as nanoplatelets (NPLs),” or nanosheets.”® The
elongation of these materials leads to unique anisotropic
properties which could be leveraged in UC schemes. For
example, 1D NRs and 2D NPLs can be readily self-assembled
into ordered macrostructures with oriented dipole mo-
ments,”* " which could be especially useful for solid-state
NC sensitization. Additionally, CdSe NPLs have received
attention”” on account of their higher relative PL QYs than
CdSe QD counterparts,” quantized emission dependent upon
their thickness (by monolayer),”” and large absorption cross
sections.'”’ Recently, both NRs and NPLs have been used as
triplet sensitizers by Nienhaus and co-workers.””**

While different NC morphologies can be manipulated to
harness their unique electronic and optical responses, doing so
also presents a unique set of challenges. Specifically, direct
comparison of 5.5 monolayer CdSe NPL to CdSe QD
sensitized ACA/DPA UC systems resulted in UC efficiencies
that were three times higher for the QD-sensitized systems
compared to the NPL-sensitized system.”’ Interestingly, the
power threshold Iy, for the NPL-sensitized system was less
than half of that of the QD-sensitized system (237 mW/cm?
compared to 574 mW/cm?), indicating the strong promise of
the NPL-based system, despite the lower efficiency. The
discrepancy in NPL versus QD sensitized TTA-UC efficiency
was partially attributed to NPL stacking in solution,'”" which
limits the overall efficiency of the energy transfer processes due
to the possibility of buried transmitter ligands (ET?2 inefficient)
and inaccessible binding sites (ET1 inefficient). In addition,
the high oscillator strength of the NPLs, especially compared
to the QDs, results in a higher probability of back transfer to
the NPL sensitizer, which is the likely root cause of the
observed discrepancies in efficiency.

CdTe NRs have also been used as triplet sensitizers in an 9-
ACA/DPA UC system showing red-to-blue upconversion with
a large apparent anti-Stokes shift.”” Again, low I, values were
observed, (93 mW/cm?) and UC efficiencies comparable to
the NPL-sensitized system were obtained, even with a nearly
0.4 eV lower energetic driving force for ET1. The NR-
sensitized system could benefit from further optimization,
where more uniformly shaped NRs could potentially yield
more efficient triplet sensitization due to better and more
uniform coupling between the NR and the transmitter ligand.
Further, the ordered self-assembly of NRs, especially in the
solid-state,”* could be useful in increasing the UC QY of solid-
state devices. In addition, the combination of ordered NRs
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with an ordered annihilator film may enable directed TTA-UC,
as well as polarization-dependent UC for optical switching.'**

2.2.4. Passivation and Heterostructures. Historically,
long-chain organic ligands have been used to passivate the
surface of NCs and minimize trap emission and nonradiative
decay processes.'””'%* Thus, care must be taken to properly
passivate surface defects such as dangling bonds to maximize
the PL QY through the addition of ligands or other agents that
passivate the surface, since it has been demonstrated that
higher native PL QYs can lead to higher UC efficiencies.*”
Additionally, the long-chain organic ligands impart colloidal
stability and allow for dispersion in nonpolar solvents such as
toluene or hexanes.'"’

The growth of an epitaxial shell on the surface of a NC is a
common approach for achieving NC surface passivation, "%
and different configurations of core/shell NCs are found
depending on the energetic alignment between core and shell
valence and conduction bands."”” Type I band alignment,
where the core bands are sandwiched between the shell bands,
is most commonl?r employed in triplet sensitization
schemes. #0835 108710 Hare  the shell has two roles: the
wide band-gap shell passivates the core NC surface and
spatially confines the exciton to the core. However, as a result,
the shell becomes a tunneling barrier for ET1. Therefore, a
marked interplay between the core—shell native PL QY and
the UC efficiency exists as the shell thickness changes.>® A thin
shell will typically cause an increase in both the native PL QY
of the NC and UC efficiency, since the shell passivates the
surface ions of the core, resulting in the suppression of parasitic
nonradiative decay pathways, ie, charge trapping at defect
sites. A thicker shell, on the other hand, results in a decrease in
the rate of ET1, since the tunneling barrier is wider and the
wave function overlap between the donor and acceptor is
reduced.®® Thus, depending on the degree of surface
passivation by the shell, the shell thickness for optimal UC
efficiency will vary.”>'*® Additionally, the energetic difference
between the core and shell can impact ET1, where minimizing
the core/shell energetic difference decreases the damping
coefficient for Dexter energy transfer, thereby increasing the
probability of tunneling, thus facilitating more efficient ET1.>
Care must also be taken to choose the core and shell
composition such that interfacial lattice strain is minimized,
which can also be alleviated by the addition of an intermediate
shell.'””

In a deviation from a typical type I core/shell NCs for TTA-
UC, Zamkov and co-workers have touched on TTA-UC
sensitized by CdS/CdSe core/nanoshell structures.''’ This
structure is made up of a bulk-sized core and a shell quantum
confined in one dimension.'"" This results in a reverse type I
band alignment such that the exciton is localized in the
shell.""” Tt has been proposed that localization of excitons in
the quantum-confined shell might result in more wave function
overlap between NC triplet donor and transmitter ligand
triplet acceptor.''’

NC surfaces can also be passivated through surface
treatments such as ligand exchange''”''* or addition of
adsorbing ions (e.g., metal salts)"">1¢ or alternatively through
synthetic precursor adjustments.''” Passivation by these
methods may be favored over shelling, as the incorporation
of a tunneling barrier for ET1 is avoided. Different NC
compositions may require different passivation techniques
because of the unique NC surface and crystal structure where
one passivation technique may have an advantage over the
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other. Specifically, the ligand binding energies are facet
dependent, and can vary depending on whether a CdSe NC,
for example, is wurtzite or zinc blende.""""” Computational
studies investigating the crystal structures of various NC
compositions can provide insight into trap sites and how to
mitigate them on a case-by-case basis.'*

For CdSe NC systems, surface trap sites have been theorized
to result from a lone pair on Se or an empty orbital on
Cd."">"*" A density functional theory (DFT) study predicted
that empty sites resulting from undercoordinated surface
anions along the NC surface were the sole source of traps in
both II-VI and III-V semiconductor NCs.'** Experimental
evidence supporting this prediction was observed in CdTe
NCs where the addition of two electron-accepting Z-type
ligands led to significantly improved PL QYs exceeding
90%.'”* The exact mechanism for II-VI and III-V NC
surface passivation is not yet fully understood, especially since
treatment with L-type Lewis base ligands can also be used to
improve PL QYs of CdSe NCs, albeit to a lesser degree than
the Z-type ligands, presumably by filling the empty orbitals on
Cd."”" While Z-type ligand treatment of II—VI NC sensitizers
in UC schemes has not yet been demonstrated, L-type ligand
treatment of NC sensitizers has led to an increase in the rate of
ET1," likely due to the fact that trap-induced nonradiative
recombination processes in the NC were circumvented.

The addition of adsorbing cations, or sub-monolayer shells,
has been used for passivation of PbS NC triplet sensitizers.”*
Treating PbS NCs with Cd** (or Zn®*) prior to the addition of
the rubrene annihilator solution led to an increase in the UC
QY of several orders of magnitude compared to untreated NC
systems. The authors speculated that adsorbate addition leads
to both passivation and generation of surface defects, with the
latter yielding an energetic state within the band gap that
promotes direct ET to rubrene. Further study is warranted in
order to verify these claims spectroscopically, as it is unclear
whether the passivation in this manner allows for differences in
the ET, or, simply causes a change in the ligand shell through
the addition of Z-type ligand metal salts.'"

The overall quality of a NC surface can also be influenced by
adjustment of the synthetic precursors. In a study by Tang and
co-workers, PbS NCs made with two different sulfur
precursors, bis(trimethylsilyl) sulfide and thiourea, were
compared, with the resultant NCs denoted PbS-S and PbS-
T, respectively.”> While the native PL QY of PbS-T was no
more than 5% greater than that of PbS-S, the efficiency of ET1
from PbS-T was over 10% higher than that of its counterpart.
Improved ET1 efficiencies resulted from the elongation of NC
lifetimes resulting from a higher-quality NC surface. With the
better passivated surface, the systems with PbS-T NCs had a
UC QY of 5.9% compared to only 2.3% for the PbS-S NC
system. This demonstrates how precursor choice affects not
only PLQYs but can fundamentally alter the NC surface on an
atomic scale, which in turn affects energy transfer capabilities.

As previously mentioned, triplet transmitter ligands are often
used in NC-sensitized TTA-UC schemes to enable or improve
the ET1 efficiency. Transmitter ligands are triplet acceptors
that directly bind to the NC surface, resulting in enhanced
wave function overlap between triplet donor and acceptor, and
thus more efficient Dexter-type ET.”” Transmitter ligands are
especially important considering that UC efliciencies have
been shown to be primarily dependent on the efficiency of
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ET1.*® Common motifs for transmitter ligands involve
anthracene or tetracene based backbones with carboxylic acid
functionalization to bind to the NC surface as an X-type
ligand.””*>°*!% The anthracene or tetracene moieties of the
transmitter ligands resemble the backbones of common
annihilators, such as DPA and rubrene, respectively. The
triplet energy level of the transmitter ligand must be conducive
to its role as both a triplet donor and acceptor, enabling
dovs;l;hill ET1 and ET2 processes while minimizing reverse
ET.

The widespread use of the 9-ACA transmitter ligand for
CdSe NCs is, in part, inspired by a 2017 study by Xia et al.
comparing the performance of anthracene isomers function-
alized with either carboxylic acid (ACA) or dithiocarbamate
(ADTC) binding groups as transmitter ligands for CdSe NCs
and freely diffusing DPA as the annihilator.”® In this
comparative analysis, systems utilizing 9-ACA transmitter
ligands demonstrated the highest UC efliciencies and the
fastest rates of ET1. While 9-ACA and 9-ADTC exhibited
similar rates for ET1, the UC QY for the 9-ADTC-sensitized
system was significantly lower than that sensitized by 9-ACA
(0.05% versus 5.95%).°° This comparison demonstrates the
importance of considering the entire TTA-UC system when
optimizing a single component. Here, the 9-ADTC transmitter
ligand was able to effectively quench the NC but could not
efficiently perform ET2 to the annihilator, likely due to the
presence of other quenching pathways, including hole transfer.

The aforementioned study also compared the 1-, 2-, and 9-
locations of the binding group on the transmitter ligands.*®
The variation in UC efficiency for each position was a result of
how well the orientation of the anthracene moiety enabled
Dexter-type ET with the NC. Thus, it was no coincidence that
the 9-functionalized isomers had the highest rate of ET1 for
both carboxylic acid and dithiocarbamate binding groups. The
ET1 rates for the 2-functionalized isomers were the lowest, so
it can be interpreted that the ligand orientation created by the
2-functionalization is the least conducive to Dexter-type ET.
He et al. later demonstrated that 2-ACA is actually a better
transmitter ligand than 9-ACA for weakly quantum confined
NCs.”” This result was attributed to a difference in ET1
mechanism depending on the degree of quantum confinement.
Specifically, in weakly confined NCs, ET1 occurs more
efficiently via a through-bond coupling, enabled by the
resonance effect in 2-ACA, while in strongly confined NCs
ET1 occurs most efficiently through space by a direct wave
function overlap. This is reflected in rapid ET1 in strongly
confined NCs to 9-ACA, where the anthracene moiety is
physically closer in space to the NC than it would be for 2-
ACA, resulting in efficient ET1 enabled by the high degree of
wave function leakage in strongly confined NCs. Thus,
transmitter ligands should be selected based on the optimal
ET1 mechanism based on the extent of quantum confinement
in the NC.

While monodentate transmitter ligands like 9-ACA are most
often emg)loyed, bidentate transmitter ligands have also been
reported.”'** Just as with monodentate ligands, the geometry
of bidentate ligands with respect to the NC surface can be
controlled in order to maximize wave function overlap.'*’ The
UC QY obtained in a study using bidentate anthracene
diphosphate (ADP) ligands was 8.5%.°" In comparison with an
analogous 9-ACA transmitter ligand system, the ET1 rate was
roughly one order of magnitude higher for the ADP ligand
system. It is worth noting that the diphosphate groups have a

https://doi.org/10.1021/acsmaterialsau.2c00047
ACS Mater. Au 2022, 2, 641-654


pubs.acs.org/materialsau?ref=pdf
https://doi.org/10.1021/acsmaterialsau.2c00047?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

) B0
) S G

\A\lt:« P
N ﬁ
N =

Figure 3. Schematics of energy transfer in various UC systems. (a) ET from NCs to freely diffusing annihilators impeded by presence of long, 18-C
oleic acid passivating ligands. (b) Direct ET from NCs to freely diffusing annihilators occurring when 8-C octanoic acid passivating ligands are
used. (c) ET1 from NC sensitizer to 9-ACA transmitter ligand followed by ET2 from 9-ACA to DPA annihilator. The 2-ACA transmitter ligand is
shown on the left of the NC; there is less wave function overlap between the 2-ACA and the NC as compared to the 9-ACA and the NC.

much stronger binding affinity to the NC surface than the
carboxylic acids of 9-ACA do, and therefore it was supposed
that the ligands were much more strongly coordinated in the
case of ADP.

Transmitter ligand binding can be a dynamic process (see
section 3.2). The solubility of the transmitter ligand in the
solvent medium will affect the number of ligands bound to
each NC.* Using solvents in which the transmitter ligand is
weakly soluble is helpful in order to preferentially promote
ligand binding to the NC and results in higher UC efficiencies.
Addition of the annihilator solution can also alter the
transmitter ligand solubility, and should be taken into
consideration."**

In lieu of distinct transmitter ligands and annihilator
molecules, directly attached S,11-bis(triethylsilylethynyl)-
anthradithiophene annihilators on PbS NCs have been used
to obtain NIR-to-visible TTA-UC."* It was theorized that the
annihilator binding might be a dynamic process, with
annihilators detaching from the NC surface after triplet
sensitization, but this theory warrants further study. While
the UC QYs for this system were below 0.05%, they were later
optimized to 0.145% by Tripathi et al. by ligand exchanging
native ligands for shortened passivating ligands prior to
addition of attached annihilators.*”

The replacement of native passivating ligands with shorter
passivating ligands has also been used in absence of triplet
transmitter ligands. In doing so, direct Dexter-type TET to the
annihilator is enhanced or enabled. This was demonstrated by
Nienhaus ef al. in a solid-state PbS NC rubrene annihilator thin
film where the passivating ligand on the PbS NC was varied by
carbon chain length, from the 18-C native oleic acid ligand
down to a 4-C ligand.”" 6-C ligands enabled high TET rates
and sufficient surface passivation, yielding internal UC QYs of
3.5%, compared to 0.6% for oleic acid.

Recently, Miyashita et al. reported that replacing native oleic
acid ligands on CdSe NCs with 8-C octanoic acid ligands
enabled direct sensitization from the NCs to the freely
diffusing DPA annihilator, resulting in a UC QY up to 3.47%.”
This is especially significant considering that transmitter
ligands had previously been required for CdSe NCs to be
used as sensitizers.”

Optimization of transmitter ligands has been a major driver
of improvements for UC QYs in NC-sensitized TTA-UC
systems since their inception, summarized in Figure 3. When
native, long-chain ligands are employed, like 18-C oleic acid,
direct sensitization is difficult, demonstrated in Figure 3a.
While shortening the passivating ligands can be used to achieve
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direct TET to annihilators and obtain UC emission (Figure
3b), incorporating transmitter ligands tends to yield much
higher efficiencies (Figure 3c).

NC-sensitized TTA-UC is typically studied in colloidal
solutions, but solution-based UC is not ideal for photovoltaic
or detection device integration.38 It is challenging to
implement efficient TTA-UC systems into the solid state.
This is due to several factors, including the absence of free
diffusion of triplet acceptors, the short exciton diftusion lengths
in sensitizer films, partially due to long-chain ligands, which
reduce the electronic coupling between adjacent NCs, and a
decrease in the PL QY in solid-state films of the organic
annihilators due to intermolecular interactions. While a solid
media is not well-suited to facilitate annihilator diffusion, solid-
state integration of NC-sensitized TTA-UC has been achieved
with some initial success.

The Baldo and Bawendi groups have pioneered solid-state
NIR-to-visible UC sensitized by PbS NCs. To prepare the thin
films, a layer of PbS NCs is spin-coated onto a substrate,
followed by thermal evaporation of a doped rubrene layer.*®
The rubrene annihilator is doped with dibenzotetraphenylperi-
flanthene (DBP) emitter molecules to harvest the high energy
singlet produced by TTA in rubrene via Forster resonance
energy transfer (FRET)."”® DBP increase the QY of the UC
process, as FRET outcompetes triplet pair separation in
rubrene films.'”” Recall from section 2.3 that the passivating
ligands on the NC can be optimized to a length of six carbons
in order to enhance TET to rubrene.”’

For these systems, only one monolayer of PbS NCs can be
added before TET to rubrene becomes inefficient, demon-
strated in the schematic of Figure 4. The excitons are unable to
diffuse through layers of NCs to the annihilator layer of the
film.** Additionally, thick NC layers increase the likelihood of
reabsorption of UC emission. Thin layers of NCs, however, are
only able to absorb a fraction of a percent of incident light.*®
Photonic management by the addition of a silver back-reflector
and optical spacer redirects any incident NIR light that is
transmitted through the film, reflecting the light back into the
absorbing NC layer.”” These additions led to an increase in the
percentage of light absorbed by the NC up to 1.5% and
internal UC QYs up to 0.8%, compared to 0.255% without
photonic m'anag<ement.38’72

Other optimizations to PbS/rubrene UC systems include
the inc0r7poration of a Fabry-Pérot microcavity with a Bragg
reflector.”” NC absorption was maximized to approximately
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Figure 4. Schematic detailing the difficulty of solid-state NC-
sensitized TTA-UC, where single-monolayers of nanocrystals (a)
outperform thicker sensitizer films (b) as exciton diffusion cannot
occur through thicker films.

48% at the resonant wavelength (980 nm) of the device, a
nearly 74-fold increase in the PbS NC absorption. This setup
enabled lower I values than those in the group’s previous
studies, and enough UC emission was obtained such that an
external quantum efficiency (EQE) of 0.05% was measured.

CdSe NC-sensitized upconverting thin films have also been
demonstrated.*>”* Initially, “blended” films consisted of a spin-
casted layer of a solution containing both sensitizer and
annihilator were fabricated, rather than layering two separate
sensitizer and annihilator solutions.”® Transmitter ligands
typical of colloidal systems were utilized for CdSe NC-based
films, but Rigsby et al. theorized that the inefficiency of triplet
annihilation is the main culprit for the low UC efficiencies.”*
They suggest that rather than simply spin-casting an optimized
colloidal solution, it might be necessary to tailor the system for
the solid-state by enabling different energy transfer mecha-
nisms, such as exciton hopping or even direct sensitization of
the annihilator without transmitter ligands.”"”*"'**

Beyond solution deposition onto thin films, TTA-UC can be
incorporated into the solid-state by utilizing metal—organic
frameworks (MOFs). MOFs are a type of molecular assembly
structure which can be synthesized in solution and dried into
powders.'”” There have been numerous reports of TTA-UC
obtained by doping molecular triplet sensitizers into
annihilator MOFs."*”"*' Amemori et al. reported a similar
system wherein semiconductor NC sensitizers were encapsu-
lated within an annihilator MOE.”® Specifically, they reported
TTA-UC using core/shell CdSe/CdS NCs and PbS NCs as
triplet sensitizers doped into anthracene and tetracene-based
MOFs, respectively. While the reported UC efhiciencies for the
systems were low, NC-doped molecular assemblies are an
alternative setup for TTA-UC systems.

As discussed briefly in the Introduction, TTA-UC could be
leveraged by many applications, effectively increasing the range
of light absorption in applications such as photocatalysis or in
PV, for example, by upconverting light that could otherwise
not be absorbed. In such device-driven applications, an
upconverting component must be in the solid-state, necessitat-
ing large-scale improvements to existing solid-state NC-
sensitized TTA-UC systems for meaningful device improve-
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ments. In the deposition of NC sensitizers onto films, any
defects or issues at the NC-ligand interface are magnified.
Additionally, the long-chain organic ligands necessary for
surface passivation and colloidal stability in solution are
problematic in the solid-state, limiting coupling between NCs
and at the NC/annihilator interface.

A more mechanistic understanding and finer control of NC-
ligand interactions could benefit both solution-phase and solid-
state TTA-UC systems. For example, even with the rich, yet
recent history of literature into NC-sensitized TTA-UC
systems,'” the exact mechanism underpinning energy transfer
from NC to transmitter ligand is unknown in most cases.
Further insights gleaned from a complete understanding of this
mechanism for all systems under study could yield further
breakthroughs in the efficiency of both energy transfer
pathways, in addition to increases in the efliciency.

As discussed in section 2.4, the development of solid-state NC-
sensitized TTA-UC systems has mainly utilized NIR PbS NC
sensitizers, with progress mainly capped by the limited exciton
diffusion through the NC ensemble film, necessitating very
thin sensitizer films.'*> Thus, NC sensitizer layers with
improved excitonic diffusion through the layer could yield
more efficient devices. Here, the field could take advantage of
the wealth of work done in colloidal NC devices, where solid-
state ligand exchange and deposition techniques have been
developed in order to improve electronic coupling.'*”

Additionally, the self-assembly of NCs has shown the ability
to endow unique properties, which could allow for more
efficient NC-sensitized TTA-UC devices. For example, CdSe
NPLs are able to rapidly self-assemble into ordered stacks in
both solution”® and in solid state.'** CdSe NPLs have
previously been used as triplet sensitizers, but stacking in
solution decreased the UC efficiency of the system. In the solid
state, though, ordered arrays of CdSe NPLs feature rapid
energy transfer through the stack of NPLs."*® Further, novel
deposition techniques have been recently employed, which
allow for the deposition of NPLs into well-ordered layered
stacks.'*® Therefore, controlled and ordered stacks of CdSe
NPLs could prove to be superior solid-state NC sensitizers
than those previously studied, as exciton diffusion would no
longer be a bottleneck in the UC process.'*"*’

Self-assembly could be leveraged using 0D NCs as well.
Recently, the self-assembly of PeNCsNCs has resulted in the
formation of superlattices capable of superfluorescence.'*®
While this in and of itself is not directly applicable to triplet
sensitization, it suggests that the degree of coupling necessary
for superfluorescence can be leveraged to direct energy transfer
in a solid-state TTA-UC device. More recently, superlattices of
multiple packing motifs, including a perovskite superlattice,
have been demonstrated,'”” which could enable superior
electronic coupling between PeNCsNCs, allowing for further
improvements to PeNCs—which already feature promising
exciton diffusion lengths."*’

Precise control of the NC/ligand surface is paramount for the
advancement of TTA-UC systems, since either the native
ligands must be made short enough to enable direct triplet
transfer to a triplet annihilator or novel ligands must be
exchanged which can mediate TET from the NC to the
annihilator. Interestingly, the specific methods of ligand
exchange vary when transmitter ligands are employed. For
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example, Tang and co-workers®’ commonly employ a mixing
procedure of the NCs and transmitter ligands before
repurifying/crashing the NC/ligand complex, whereas Nien-
haus and co-workers’>*® and Albinsson and co-workers'*' do
not repurify the NC/ligand complex postexchange, instead
employing a “direct-mixing” method. Other groups employ
sonication in their ligand exchange techniques, upon which the
NC/ligand complex is either repuriﬁed142 or simply syringe
filtered postexchange.”””** The resulting ligand concentration
can be estimated through either UV—vis absorption spectros-
copy, NMR, or a combination of the two. The effect of exact
ligand exchange method on the TET mechanism between NC
and transmitter ligand, and the concomitant UC process
remains unclear.

Specifically, the exact effect of excess transmitter ligand is
currently unknown, even though there is a marked decrease in
the UC QY of a NC-sensitized system above a threshold
transmitter ligand concentration.*”*"*>°® This phenomenon is
further complicated by dynamic NC/ligand environments
which have been previously reported in CdSe NCs,"*> NPLs,”
and PeNCs.'** In these dynamic systems, an excess of ligand
can cause rapid desorption and rebinding when the native
ligand and the transmitter ligand have the same binding motif,
i.e.. carboxylate-based transmitter ligands in the case of native
oleic acid ligation. Applying this to the TTA-UC systems
described in this Perspective, there are many phenomena that
are yet unstudied. Wilson and co-workers have begun to
elucidate some of these dynamics in PbS systems, as they
studied the dynamics of 9-ACA for oleic acid ligand exchange
using NMR.'* Interestingly, they found that, upon exchange,
ACA primarily segregates to the facet edge and does not easily
exchange with native oleic acid after adsorbing to the NC facet
edge. However, it is still unknown whether ACA can then
easily exchange with other ACA molecules at these weaker
binding sites or what occurs when ACA is in excess in solution.
Additionally, it is unclear whether the aforementioned
passivation methods affect the ligand binding sites. For
example, the addition of surface amines which bind to the
surface, or Z-type metal salts that may bind differently than the
most common X-type carboxylates results in a more limited
binding environment for the transmitter ligands.

Therefore, we propose multiple possible phenomena which
could be occurring in solution with NCs, native ligands, and
photoactive transmitter ligands. First, the standard model,
described first by Tang and co-workers,”” where the trans-
mitter ligand displaces the native ligand and simply acts as a
triplet mediator is likely to occur. However, there are two other
possibilities which can occur, especially with free transmitter
ligand present, or in NC systems which exhibit rapid and
dynamic ligand exchange. The transmitter ligand can act as a
free transmitter in solution, allowing the free ligand to accept
triplets from bound transmitter ligands and also act as a donor
to the free annihilator in solution. Additionally, the long triplet
lifetime of triplet transmitter ligands could enable a scenario in
which the transmitter ligand triplet state is populated after
excitation of the NC via ET1 and then desorbs, likely after
exchange with another ligand molecule. The now freely
diffusing transmitter ligand could then either undergo TTA
with another transmitter molecule, perform hetero-TTA with
the annihilator, or perform ET2, populating the triplet state of
the annihilator.

Regardless, detailed studies of the transmitter ligand and
native ligand interactions, in the style of Wilson and co-
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workers,'** which uses advanced NMR techniques'*° to probe
NC/ligand interactions, should be further employed in an
attempt to elucidate the dynamics occurring between NC, the
native ligand, and the transmitter ligand. The successful
illumination of these dynamics will allow for further
optimizations and improvements of these NC-sensitized
TTA-UC systems. For example, one possible improvement
may come because of transmitter ligand/annihilator diffusion
away from the NC after or just before TTA, since this would
decrease the probability for singlet back transfer. This would
be furthered by the two latter scenarios described above and
could be a further source of improvement for these systems.

Recently, a novel triplet sensitization mechanism has been
elucidated by Wu and co-workers usin§ the same NC/
transmitter ligand system described above. '’ Here, a PeNC/
rhodamine B (RhB) hybrid system was investigated, where the
triplet state of RhB can potentially be populated by the NC
itself, or through a spin mixing process mediated by the NC,
which can occur after excitation of the RhB molecule. This
triplet state can then be harvested for TTA-UC or can be used
for photochemical transformations. While the end result
remains the same here, i.e., triplet sensitization, this preliminary
work bears further study.

Additionally, there are novel configurations of the “standard”
NC/transmitter ligand/annihilator system that could be
employed that could potentially lead to further increases in
UC efficiency. Novel annihilators composed of dimers capable
of TTA in the same molecule have recently been reported,**
potentially allowing for a transmitter ligand that can be directly
bound and act as an annihilator. This is along the same vein as
the multilayer TTA-UC/solar cell device reported by Beery et
al.'* Interestingly, their oriented multilayer film composed of
CdSe QDs and a phosphonic acid anthracene derivative which
binds to both the QD and TiO, resulted in I;, values below the
solar flux, which is especially notable, as CdSe NC-sensitized
systems are typically orders of magnitude higher.’”%*
Another useful strategy may be to find a transmitter ligand
composition capable of acting as the native ligand, in other
words being able to maintain the colloidal stability of the NC
while passivating the surface to the degree of common native
ligands, such as oleic acid. This could prove difficult, as
shorter/smaller ligands can vastly change the NC growth and
nucleation when used as compared to longer-chain ligands,
such as oleic acid.''* Novel long-chain conjugated ligands
could still be useful, however, as Tang and co-workers have
recently reported the observation of an energy transfer
mechanism which is mediated by hopping, allowing for triplet
energy transfer to occur at distances longer than 1 nm."**

In summary, the past decade of research into NC-sensitized
TTA-UC has yielded more efficient UC because of NC
improvements, novel and/or optimization of ligands, or a
combination thereof. Furthermore, NC-sensitized TTA-UC in
the solid state has become more efficient through various
optimizations and through novel device structures aimed at
improving NC absorption. In short, there is still plenty of room
for improvement. A schematic of potential improvements is
shown in Figure S, outlined with potential approaches outlined
in section 3. In all cases, interest should be turned toward
mechanistic insights of both energy transfer processes, which
can be leveraged toward further improvements. Especially in
the case of solid-state sensitization, the wealth of literature for
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Figure 5. Schematic detailing potential improvements of NC-
sensitized TTA-UC systems.

NC self-assembly and colloidal NC optoelectronic devices,
which both aim at making well-ordered NC substrates with
some degree of electronic coupling, should be leveraged to
fabricate NC layers with maximal excitonic diffusion.
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