Exploring Sensitized Photon Upconversion
— From Past to Present
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Abstract: The conversion of low energy photons into high energy photons via triplet-triplet
annihilation (TTA) photon upconversion (UC) has become a promising avenue for furthering
a wide range of optoelectronic applications. Through the decades of research, many
combinations of triplet sensitizer species and annihilator molecules have been investigated
unlocking the entire visible spectrum upon proper pairings of sensitizer and annihilator
identities. Here, we reflect upon the seminal works which lay the foundation for TTA-UC
originating from solution-based methods and highlight the recent advances made within the
solid state primarily focusing on perovskite-based triplet generation.
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1. Introduction

First observed by Parker and Hatchard in 1960,
‘delayed fluorescence’ or upconversion (UC) has
become an exciting emerging field, with the
potential to alleviate the current global energy crisis
by developing green energy sources. To date, there

are many available mechanisms of UC, including the
climbing of the °‘ladder-like’ energy levels of
lanthanides,””  second  harmonic  frequency
generation,*>  and triplet-triplet annihilation
(TTA).I*8 Due to the energy storage in the long-
lived spin-triplet states, efficient TTA-UC is
possible under low, solar relevant powers ideal for
solar-related applications.””? Generally, TTA-UC is
achieved by a combination of a sensitizer and
annihilator species due to the spin-forbidden nature
of direct excitation from the ground state to triplet
excited state, outlined in Figure 1. Incident low
energy light is solely absorbed by the sensitizer
species and the energy is subesquently transferred to
the annihilator molecule. Upon interaction of two
annihilator molecules with populated spin-triplets,
the spin-allowed TTA-UC mechansim yields one
annihilator in the electronic ground state and the
second annihilator as an excited singlet state. Upon
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Fig. 1. Different methods of achieving TTA-UC with a)
metal-organic complexes, b) nanocrystal, and c) bulk
perovskite triplet sensitizers.



radiative recombination of the excited singlet state,
the upconverted photon with an apparent anti-Stokes
shift is produced.

In this review article, we reflect on the beginnings of
TTA-UC and current developments from the
solution foundation to the current state-of-the-art
solid-state bilayers — i.e. the history of photon
upconversion from past to present.

Fig. 2. lllustration of the photon upconversion timeline
beginning with metal-organic complexes, then to
nanocrystals, and perovskites and TMDs.

1.1 Foundation for TTA-UC

The foundation of current UC research was laid by
Castellano and coworkers in 2005, who utilized
metal-organic complexes paired with poly-
anthracene annihilators in solution-based UC
systems. In these systems, metal-organic complexes
commonly containing late series transition metals
(Ru,101 pq =131 7 141 T(l15) - acts as the triplet
sensitizer. Within these sensitizer complexes, the
heavy metal facilitates intersystem crossing (ISC)
from the excited singlet state to the lowest excited
triplet state. The formed triplet excited state can then
transfer to nearby annihilator molecules (Figure 1a).
These seminal works by Castellano!®!%!5161 and
Baluschev et al.l'>!'"!8] realized the potential for
TTA-UC by laying the foundation of the
understanding of the underlying processes.!'"’

In early studies by Castellano and coworkers, the
authors found Ru(Il)-based sensitizers paired with
9,10-diphenylanthracene (DPA) and anthracene
yielded efficient green-to-blue TTA-UC at low
powers.[”!®l Some key findings from their work are
the potential to utilize TTA-UC as a low power UC
mechanism achievable with non-coherent excitation
sources (i.e., visible to the naked eye) and the ability
for TTA to drive bimolecular cycloadditions of
anthracenes. By exchanging the DPA annihilator
with anthracene within their solution UC system
resulted in a significant decrease to the overall for
the system due to anthracene dimerization.[!62!
However, during the sensitization process, multiple

excited states can be accessed leading UC as a
potential method for selectively driving
photochemical reactions which typically require
high energy ultraviolet irradiation. Despite the low
UC yields, the study highlights the potential for TTA
systems to be an avenue for achieving efficient
photocatalysis.!?!24]

Table 1. Names and Strucutres for refrenced
annihilators

Name (abvr.) Structure

9,10-diphenylanthracene (DPA)

rubrene

dibenzotetraphenylperiflanthene
(DBP)

1-chloro-9,10-
bis(phenylethynyl)anthracene
(1-CBPEA)

naphtho[2,3-a]pyrene (NaPy)

1.2 Nanocrystal Sensitization

The next explored avenue for triplet sensitization
was semiconductor nanocrystal-based (NC)
sensitization. Due to spin mixing between the triplet
and singlet excitonic states, the ISC step is not
required for triplet energy transfer to occur, thus
minimizing associated energy losses. NCs also
exhibit a high degree of customizability though both
composition and degree of quantum confinement
resulting in direct control of bandgaps ranging from
the near-infrared (NIR) to visible.[>2"! In addition,
NCs generally have high PLQYs!?¥ with narrow
emission bandwidths,?®! and in conjunction with
their facile synthetic methods,?”! make exceptional
solution triplet sensitizers.

Lead chalcogenides were the first NCs implemented
for both charge transfer from organic chromophores
and UC systems.?*32! In order to remain colloidally
stable, NCs require surface passivating ligands for
colloidal stability, a problem unique to NC-based
triplet sensitization methods. In general, these
passivating ligand bind to the NC surface through
polar carboxylic or phosphonic acid groups, but also
serve as tunneling barrier ultimately reducing the
degree of energy transfer.’*! In an early study by
Huang et al., two modes of triplet energy transfer
were investigated i) the NC was passivated as per
usual with the bulk organic ligands and ii) additional
mediating, anthracene-based ligand were utilized.!)
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Fig. 3. a) Normalized photoluminescence (PL) under 405
nm excitation of the doped rubreneDBP OSCs. The grey
arrow highlights the increase of the 680 nm shoulder
indicative of DBP aggregation. b) Normalized UCPL of the
doped MAFA/rubreneDBP bilayers under 780 nm
excitation. The black arrow highlights the decrease of the
rubrene PL feature at 565 nm. c) Box and whisker plot of
the UCPL intensities normalized by the direct PL. The
dashed grey line and shaded area indicate the mean and
the region of uncertainty, respectively. Reprinted
(adapted) with permission from ref. 44. Copyright 2020
American Chemical Society. d) Schematic of the role of
DBP doping within rubrene nanocrystal films highlighting
the interplay of singlet energy collection, singlet fission,
and triplet fusion. Reproduced from ref. 47 with
permission from the Royal Society of Chemistry.

Utilizing PbSe NC sensitizers with rubrene in
method one resulted in successful NIR-to-yellow
TTA-UC despite the electrically inert organic
ligands decorating the NC surface, albeit with low
yields. Changing the ligand chemistry and
introducing 9-anthracene carboxylic acid (ACA) to
mediate the exciton transfer from a CdSe NC to
DPA, the authors were able to significantly increase
the UC photoluminescence quantum yield (PLQY)
and achieve green-to-blue TTA-UC.

Altering the morphology of the NC serves as an
method for tuning the UC process. Relaxing the
degree of quantum confinement for the NC from 0D
(quantum dots) to 1D (nanorods) or 2D
(nanoplatelets) can lead towards a wide degree of
anisotropic properties, potentially serving as a
stepping stone for future solid-state applications.
Studies by VanOrman et al. have shown that
successful green-to-blue UC can be achieved by 2D
CdSe nanoplatelets.®™ Here, the exciton is
quantumly confined within the thickness of the
nanoplatelet allowing for an overall larger surface
area for both native and transmitter ACA ligands to
bind.? Similarly, 1D CdTe nanorods can serve as
effective sensitizers for red-to-blue TTA-UC.P%

1.3 Perovskite-Sensitized TTA-UC

Another widely popular triplet sensitizer species are
organic-inorganic ~ lead  halide  perovskites
(LHPs).I5737381 'With the general ABX3 crystal

structure, compositional tunability can be achieved
with relative ease, thus allowing a vast range of
suitable LHP compositions to be synthesized in the
near-infrared (NIR) region of the electromagnetic
spectrum. These materials have become popular for
photovoltaic applications due to their favorable
charge diffusion lengths, long lifetimes, and solution
processability.?*#!  Perovskite-sensitized ~ UC
comes both in form of excitonic nanocrystal-based
triplet sensitization**#% and in form of non-
excitonic bulk perovskite-based charge transfer. The
first example of LHP NCs as triplet sensitizers was
reported by Mase et al. in 2017 where 3D CsPbBr3
NCs paired with DPA resulted in green-to-blue
TTA-UC.*1 Other seminal works by the Wu,[#24347]
Yanai,*34 and Kimizukal***¢! groups have shown
that not only are LHP NCs viable candidates for
efficient sensitizers, they are also able to expand the
range of TTA-UC into the ultraviolet regime.[*>4¢]

2. Bulk Perovskite-Senstized TTA-UC

Utilization of bulk LHPs as solid-state triplet
sensitizers results in an asynchronous charge
transfer mechanism as the generated electron and
holes are not bound in form of an exciton but are
present as free charges (Figure 1c). Following
charge transfer, the charges recombine to form the
bound triplet state.

First reported by Nienhaus in 2019, NIR-to-visible
TTA-UC can be achieved utilizing LHPs with a
rubrene:dibenzotetraphenylperiflanthene (DBP)
annihilator:emitter combination.[”? Here, a mixed
cation LHP of methylammonium (MA) and
formamidinium (FA) (MAo.1sFAossPbls, MAFA)
perovskite was successfully paired with a rubrene
annihilator doped with ~1% DBP (rubreneDBP).
The inclusion of DBP had been observed to increase
the overall quantum yield of rubrene films in the
solid state, and in the UC process, acts a Forster
resonance energy transfer (FRET) acceptor.*341 Up
until this 2019 study, achieving high UCQY's within
the solid-state had remained a challenge using the
aforementioned systems due to limitations in the
NIR absorbance due to limited exciton transport
through the PbS NC film,3% and from this study,
multiple investigations into the underlying process
began.

Variations to the underlying LHP thickness holds
promise to tuning the success of LHP sensitized
TTA-UC. To this point, Wieghold, et. a/ in 2019
investigated the impact of LHP thickness.[®! Again,
MAFA perovskites were utilized with the
rubreneDBP annihilator layer. The authors found
that indeed, increasing the MAFA thickness
ultimately lowers the characteristic intensity
threshold (/) of TTA-UC, i.e., the point where TTA
becomes the dominant decay pathway leading to
efficient UC. These results also suggest that the
charge transfer to the rubreneDBP



a)
20 ACN
20
0
40
20
i 4% . IContlro\ _
= instrinsic ... LUMo
S A Y
£ 20 2 |
S £ T
v 0 =
o L c
TOL [|= -
“ 4 ) P* 4 HOMO
| ‘ v8
20 \ »
0 t —
20 ANI A POPE b LumO
20 z
=
o VB CBL “
-15 10 05 0 05 10 15 HOMO
) VB~
Sample Bias (V) h* -

Fig. 4. a) Average STS IV curves for the treated
perovskite only films where the shaded region represents
the 95 % confidence interval. Dashed grey line represents
the Fermi level (Eg). b) lllustration of the interfacial band-
bending behaviour of the treated bilayers. Adapted with
permission from ref. 49. Copyright 2022 John Wiley and
Sons.

annihilator/emitter pair directly competes with trap
filling, a detrimental nonradiative pathway.

2.1 Mechanistic Insights

To elucidate the impact of DBP on the UC process
of the solution-processed solid-state
LHP/rubreneDBP  devices, Wieghold et. al
investigate the role of DBP doping. Here, the
percentage of DBP within the MAFA/rubrene

bilayer systems (0% to 5.5%) was varied.*¥! As
expected, with larger amounts of DBP present
within the organic semiconductor (OSC) layer,
increased FRET from rubrene to DBP results in a
decrease to the rubrene emission (Figure 3a). Within
the bilayer device, the authors interestingly observed
little beneficial impact of larger amounts of DBP as
all fabricated bilayers exhibited similar UCPL yields
(Figure 3b,c).

Diving deeper into the beneficial nature of DBP
doping, Bossanyi et. al. investigated the interplay of
DBP within rubrene nanocrystal thin films.!l DBP
had been originally proposed as a beneficial dopant
for UC methods due to competition of FRET with
the singlet fission (SF) process thus improving the
TTA yields. The authors here report that DBP does
not outcompete SF (~10 ps timescale) but rather
mitigates the triplet pair separation (T...T). Here,
DBP acts as a funnel for the generated rubrene
singlets on the order of ~50 ps, thus extracting the
singlets faster than the triplet pair state '(TT) can
dissociate (~140 ps, Figure 3d). As less energy is
lost through non-radiative pathways, e.g. triplet-
quenching, the authors observed a 20-fold increase
of the PL quantum yield.

Within the LHP bilayers, charge extraction must
occur across the interface emphasizing the role of
underlying traps, defect states, and interfacial sites
on the UC process. In an effort to determine the
exact mechanism governing the LHP free-carrier
sensitization, ultrafast transient absorption (TA)
investigations by Conti III et al. interrogated the
interfacial charge transfer between the LHP and
rubreneDBP annihilator.’?! Here, FA-rich LHPs
(FAo.ssMAo.15Pbl;, FAMA) serve as the sensitizer
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Fig. 5. a) UCPL for a MAFA/rubreneDBP bilayer extracted at select times without (left) and with (right) heating. b) Images of
the MAFA/rubreneDBP bilayer and rubreneDBP OSC post-heating. c) Transient absorption spectra extracted at selected
delays for the MAFA/rubreneDBP bilayer collected under 700 nm pump at multiple temperatures. Characteristic perovskite
photoinduced absorption (PIA) and bleach (PB1, PB2) features have been labelled for clarity. Spectral inserts highlight the T,
- Ts rubrene transition indicative of successful triplet population. The grey boxes denote excess pump scatter. Reprinted
(adapted) with permission from ref. 54. Copyright 2023 American Chemical Society. d) Direct PL of a MAFA/rubrene bilayer
collected from 300 K to 20 K collected in increments of 10 K. A 700 nm short-pass filter was used to isolate the dye emission.
e) UCPL for a MAFA/rubrene bilayer in the same temperature range. f) UCPL dynamics for the MAFA/rubrene bilayer, offset
for clarity. g) Triplet rise times extracted from the UCPL dynamics in f) in an Arrhenius plot. Reproduced from ref. 55 with

permission from the Royal Society of Chemistry.



and by selectively pumping the FAMA via 700 nm
pump, the evolution of rubrene signatures in the 6 ns
time window signify successful triplet population
within the bilayer. In addition to the rapid sub-
nanosecond triplet generation, the authors found
evidence for hot-carrier extraction from the FAMA
to rubrene.

Surface treatments to the underlying LHP also shed
light on the mechanistic steps. ‘Cleansing’ the LHP
surface via a post-fabrication solvent treatment had
been proposed to both remove unreacted precursors
and potentially generate defects and excess Pbl: all
of which can impact the underlying properties.
Work by the Nienhaus and Bawendi groups into the
influence of a surface solvent treatment has shown
that the not only in a change to the underlying dopant
level occur of the LHP but also to the overall
upconversion process.*®331 Interfacial traps are
generated when polar solvents such as isopropanol
are utilized as they can readily dissolve the FAI and
MALI within the perovskite structure.*¥! These films
also exhibit an increase to the UC yields likely due
to trap-assisted TTA-UC. Upon using solvents
which react with FAI or MAI such as toluene, a
diminished UC yield is observed due to removal of
the halide (I') from the structure.

Exapanding the solvents for the post-fabrication
treatment, Sullivan et al. found that in addition
generating Pbl> at the interface, treatments with
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Fig. 6. a) UCPL from a FAMA/RubDBP (pink) and
FAMA/1-CBPEA (green) bilayer. b) Power-dependent
UCPL for the RubDBP (top, pink) and 1-CBPEA (bottom,
green) bilayer devices. Calculated intensity threshold Iy
values for RubDBP and 1-CBPEA films are 18.2 mW cm-2
and 195 mW cm-2, respectively. c) UCPL dynamics for
the FAMA/RubDBP (top, pink) and FAMA/1-CBPEA (bot.
green) bilayers with a magnification of the early time (1
us) included for the 1-CBPEA rise. Reproduced from ref.
56 with permission from the Royal Society of Chemistry.
d) Direct PL from a CsFA/NaPy bilayer collected across
four locations on the bilayer, and e) UCPL emission from
the NaPy bilayer collected across ten spots. f) Spectra
ratio (black) of the direct PL (405 nm) to the UCPL (780
nm) normalized to the 620 nm aggregate feature.
Reprinted (adapted) with permission from ref. 57
Copyright 2023 American Chemical Society.

polar solvents which interact with the perovskite
precursors (Type I) reduce the undesirable delta-
phase within the lattice.>* Here, with the removal of
the delta-phase, a larger amount of carriers can
participate thus boosting the UC yields. Through
scanning tunneling spectroscopy (STS)
investigations, the authors also found that the
underlying dopant nature of the FAMA perovskite is
ultimately altered by preferential ion removal.
Treatments with the Type I solvents result in a n-
type doping causing upwards band bending at the
interface, while the other solvents (no interaction
with perovskite precursors - Type II; reacts with
precursors - Type III) result in a more p-type doping
resulting in downwards band bending. Here, the
authors proposed a more detailed view of the charge
injection from the FAMA to the rubrene annihilator,
outlined in Figure 4b.

Other mechanistic investigations include probing
the triplet diffusion within these solid UC
bilayers.’*! As both the triplet lifetime and rate of
diffusion-mediated TTA are contingent upon the
underlying triplet population, investigating the
UCPL dynamics are important for furthering solid-
state UC. Two distinctive regimes can be found
within the UC PL dynamics within the LHP bilayers
— a fast and slow rise. Wieghold et al. were able to
determine that the dual rise times can be attributed
to rapid TTA occurring close to the interface and
slow, diffusion mediated TTA occurring further
from the interface, respectively. Parasitic back-
transfer occurs with high efficiency for the
generated rubrene excited singlets by the interface
leading to a reduction to the UC yield.

2.2. Environmental Stressors

Considering the long-term goal of employment of
TTA-UC devices in photovoltaic applications,
understanding the impact of environmental stressors
on the LHP bilayer is required. Implementation of
LHP TTA-UC bilayers for real-word PV
applications would require operating under constant
irradiation at temperatures up to 80 °C.5557
Investigations of the effect of elevated temperatures
by Bieber et al. show that upon reaching 65 °C, the
UC emission diminishes and is non-recoverable
(Figure 5a).1*8 Through ultrafast TA spectroscopy,
the authors found that charge extraction still occurs
at the elevated temperatures (Figure 5c); however,
cooling back to room temperature causes non-
uniform morphological changes across the bilayer
(Figure 5b). Locations which remain unaltered
(amorphous) successfully undergo UC, but the
altered, crystalline regions show no detectable UC
emission likely stemming from an increase in SF in
rubrene.

On the other end of the spectrum, the effect of
temperatures below room temperature to have
shown to be beneficial for TTA-UC. Sullivan et al.
investigated MAFA/rubrene bilayers where the UC



reaches its maximum efficiency at 170 K.*1 Upon
cooling past 170 K, the UC yield steadily decreases
despite the PLQY of the rubrene annihilator
increasing (Figure 5 d,e). Through a combination of
modeling and spectroscopic investigations, the
authors found that ultimately the underlying triplet
diffusion determines the overall UC QY of the
devices (Figure 5f,g), and highlight the fact that this
system could be better suited for applications in
lower temperature environments.

The next steps of furthering LHP-sensitized TTA-
UC have been exploring other annihilator identities
in order to increase the achievable anti-Stokes shift
and minimize losses. Due to the ~0.4 eV mismatch
of the LHP band energies to that of the T state of
rubrene (1.14 €V),’Y exploring annihilators with a
T1~ 1.5 eV would allow for the most efficient TTA
capable within these bilayers as the perovskite
bandgap. However, intermolecular coupling effects
such as excimer formations and aggregation
formation must be taken into consideration. Hence,
in-depth investigations into solid-state behaviors of
potential annihilators are necessary to screen. To this
end, recent work from the Nienhaus group has
identified suitable solid-state annihilators for LHP-
sensitized TTA-UC.[60:61]

2.3. Annihilators Beyond Rubrene

From the polyacene family, Sullivan ef al. found that
1-chloro-9,10-bis(phenylethynyl)anthracene (1-
CBPEA) is a suitable solid-state annihilator within
the LHP bilayer device configuration resulting in
NIR-to-green UC (Figure 6a).®) Despite lower
PLQYs than the established rubreneDBP
annihilator, the authors found that the previously
discussed mechanism holds true for this new
configuration. Ultrafast charge extraction and triplet
formation occurs on the same sub-nanosecond time
scales as in rubrene. Considering the /u values of the
two bilayers, here the rubreneDBP remains superior
with the lower threshold of the two (Figure 6b).
However, upon investigating the UC PL dynamics,
drastic differences to the rates of triplet diffusion are
seen (Figure 6¢). The previously observed dual rise
and slow decay of rubrene are not seen within 1-
CBPEA bilayer but rather, a single rise of 28 ns and
quick decay are seen. Piecing the information
together, the authors determined that despite the
outperformance of rubrene to that of 1-CBPEA, 1-
CBPEA holds potential to outperform rubrene in the
future due to a higher probability of TTA.

The aforementioned intermolecular coupling within
the solid-state can be clearly seen for next novel
annihilator for solid-state UC: naphtho[2,3-a]pyrene
(NaPy).[®] In the thin-film form, NaPy exhibits a
prominent red-shifted absorption feature not
observed in solution, as well as a red-shifted PL
feature which has not been previously reported. In
this study, a cesium-based perovskite was used in
place of the less stable methylammonium containing

FAMA LHP (Csoo9FAo9iPblz, CsFA). NaPy
additionally  exhibits excitation wavelength-
dependent emission behavior within the bilayer
where direct excitation results in the domination of
a high energy S:” emissive state while under 780 nm
excitation, the lower energy Si” state dominates
(Figure 6d,e,f). These two distinctive states suggest
that the underlying differences between the two
excitation wavelengths can be attributed to
aggregate-induced lowering of the singlet state.
Populating the lower S;” state from the !(TT) results
in thermodynamically favorable TTA-UC thus
explaining its prominence with the UC spectra.
Generating the higher energy Si’ state is only
possible then via endothermic TTA-UC, hence why
it appears diminished compared to the direct
excitation spectrum.

3. Conclusions

Since its initial discovery, photon upconversion has
come a long way. Original discoveries from the
early solution-based studies with metal-organic
complex sensitizers laid the groundwork for
understanding the underlying principles of TTA. In
the next chapter, NC-sensitized TTA-UC, we find
TTA-UC can occur across the electromagnetic
spectrum, however limitations were found due to
poor exciton diffusion in NC films. Transitioning
from solution to solid state, bulk LHPs have been
shown to be successful sensitizers for solid-state
UC. As the focus shifts from fine-tuning the
underling LHP to discovering new suitable
annihilators, we can look to the future. Beyond thin
films, LHP single crystals are also suitable as triplet-
sensitizers.’] Single crystals hold promise for
heterogeneous catalysis applications where the LHP
crystal facets can serve as a catalysis locations to
thus populate reactant triplet states. Looking beyond
LHP sensitizers, van der Waals heterostructures
such as transition metal dichalcogenides (TMDs)
have been used as triplet sensitizers.[®)! Here, 2D
WSe2 or MoSe2 monolayers are crafted and when
interfaced with rubreneDBP, successful NIR-to-
orange TTA-UC occurs.®*%] Across the many
different avenues of  established photon
upconversion methods, future work will include
expanding the solid-state annihilator library and
development of solid-state sensitizers thus
continuing the photon upconversion narrative.
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