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ABSTRACT

The process of upconversion leads to emission of photons higher in energy than the incident
photons. Near-infrared-to-visible upconversion, in particular, shows promise in sub-bandgap
sensitization of silicon and other optoelectronic materials, resulting in potential applications
ranging from photovoltaics that exceed the Shockley-Queisser limit, to infrared biological
imaging. A feasible mechanism for near-infrared-to-visible upconversion is triplet-triplet
annihilation (TTA) sensitized by colloidal nanocrystals (NCs). Here, the long lifetime of spin-
triplet excitons in the organic materials that undergo TTA makes upconversion possible under
incoherent excitation at relatively low photon fluxes. Since this process relies on optically
inactive triplet states, semiconductor NCs are utilized as efficient spin mixers, absorbing the
incident light and sensitizing the triplet states of the TTA material. The state-of-the-art system
uses rubrene with a triplet energy of 1.14 eV as the TTA medium, and thus allows upconversion
of light with photon energies above ~1.1 eV. In this perspective, we review the field of lead
sulfide (PbS) NC-sensitized near-infrared-to-visible upconversion, discuss solution-based
upconversion, and highlight progress made on solid-state upconversion devices.

TOC

This perspective highlights recent advancements in the field of PbS NC-sensitized near-infrared-
to-visible upconversion based on triplet-triplet annihilation in rubrene.
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INTRODUCTION

Silicon is ubiquitous in optoelectronic devices, ranging from solar cells to imaging arrays.
Despite its versatility, silicon (like all other semiconductors) cannot respond to sub-bandgap
photons. Sensitization of silicon for sub-bandgap photons is an attractive possibility, potentially
boosting the power conversion efficiency of single-junction solar cells beyond the Shockley-
Queisser limit,"* and enabling inexpensive silicon-based devices for infrared detection and
imaging.® Other semiconducting solar materials such as lead halide perovskites, which have
recently shown rapid progress in photovoltaics, will also likely benefit from sub-bandgap
sensitization, given their relatively large bandgaps.*” Photon upconversion, a process that
converts two or more low-energy photons into a single higher-energy photon, could be utilized in
such sub-bandgap sensitization. For example, two or more near-infrared (NIR) photons below
the bandgap of silicon could combine into a single visible photon above the bandgap, thus trigger
a response in a silicon-based device. Besides sub-bandgap sensitization for photovoltaic and
detection applications,” NIR-to-visible upconversion also has potential applications in biological

112 and photocatalysis.'>'*

imaging,*'° 3-dimensional displays,
There are two major schemes of NIR-to-visible upconversion apart from second harmonic

generation in nonlinear crystals.'” One is based on luminescent lanthanide ions, relying on their
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long-lived and ladder-like electronic states.'>'®" The other employs organic molecules, taking
advantage of long-lived optically inactive or “dark” triplet states.”>* In the following, we will
focus on the molecular-based upconversion process, in which two NIR photons are combined via
diffusion-mediated triplet-triplet annihilation (TTA) in organic semiconductors, known as
annihilators. In comparison to lanthanide-based upconverters, which typically require a high
incident photon flux, the diffusion-mediated TTA process has the benefit of occurring efficiently
at (sub-)solar fluxes.”> In TTA, two adjacent spin-triplet excitons interact to obtain one higher-
energy spin-singlet exciton. As triplet states are spin-forbidden to couple radiatively to the
ground state, they cannot be directly excited optically and require a triplet sensitizer. The triplet
sensitizer absorbs the light into a singlet state and converts the energy into a triplet state by an
20,25

allowed process, such as intersystem crossing (ISC) in metal-organic complexes or

exchange-interactions in semiconductor nanocrystals (NCs).2 123

PbS NANOCRYSTALS AS TRIPLET SENSITIZERS
Infrared PbS colloidal NCs have been shown to be efficient triplet sensitizers due to their unique

122 and have the advantage of a simple synthetic tunability of their

photophysical properties,
optical properties and low-cost scalability.® Unlike ISC in metal-organic complexes, which
results in an energy loss of hundreds of meV due to a high exchange splitting of the singlet and
triplet states in the sensitizer,”’ NCs are able to interconvert an optically “bright” singlet state
into a “dark” triplet state without significant energy loss, a result of their electronic fine
structure.”® Due to strong spin-orbit coupling in the NC, the exchange interaction between the
singlet and triplet states is only on the order of 1-25 meV.?® As a result, the band-edge exciton
undergoes rapid spin dephasing, and has both singlet and triplet character at room temperature.”®
The optically excited infrared “triplet” exciton on the NC can then undergo a spin-allowed
energy transfer into the triplet state of the annihilator, for instance rubrene, as the spin state is
maintained. Fig. 1 illustrates the upconversion process in solid-state devices: the PbS NC is
optically excited, and undergoes energy transfer into the triplet state of rubrene. Singlets are
obtained via TTA, and are rapidly harvested by Forster resonance energy transfer (FRET) to the
emissive dopant dibenzotetraphenylperiflanthene (DBP).” This additional step is required in

solid-state devices due to the otherwise low fluorescence quantum yield (QY) of rubrene film,

resulting from singlet fission.*’
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Figure 1: Schematic of the NC-sensitzed TTA based upconversion process. (a) PbS NCs are optically excited and transfer energy to
the triplet state of the annihilator rubrene. The localized triplet excitons are circled in red, and if two triplet excitons collide via
diffusion, a higher-energy singlet exciton can be formed. The resulting delocalized singlet exciton is cirlced in blue. (b) Schematic
energy diagram. (c) Solid-state device structure. Reprinted from Ref. 21.

TRIPLET ENERGY TRANSFER MECHANISMS

The triplet energy transfer (TET) from the PbS sensitizer to the annihilator is commonly thought
to occur via an exchange-mediated energy transfer mechanism, i.e. Dexter transfer.’”’ Dexter
transfer is based on a direct wavefunction overlap of the donor and acceptor states, resulting in
electronic coupling between the two states. During energy transfer, a concerted electron swap
occurs between the respective ground and excited states, while maintaining the spin of the initial
state. As the wavefunction decays exponentially with distance, the electronic coupling and
therefore also the rate of TET (krgr) are expected to be exponentially dependent on the donor-

acceptor spacing

kTET“’eXp(_Tzr)a (1)
where L is the characteristic length of the energy transfer.
Dexter is a short-range energy transfer mechanism due to the requirement of a wavefunction
overlap. Therefore, a 10 A maximum length scale for the donor-acceptor spacing is usually
expected for this energy transfer mechanism.’' In exchange-mediated energy transfer processes
involving NCs, larger donor-acceptor separations have been observed, while maintaining
efficient energy transfer.”’~>** The underlying cause of this effect has not been unambiguously

identified. However, it has been speculated to be a result of a large wavefunction leakage in PbS
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NCs,** or caused by incomplete surface ligand coverage, which results in a reduced donor-
acceptor spacing.*

In our solid-state devices, we infer a Dexter mechanism for TET from the NCs to the annihilator
rubrene.*” To investigate the TET phenomenon further, we perform ligand exchange to modulate
the donor-acceptor spacing, which is expected to translate into an exponential dependence of kzzr
on the ligand length. However, we find through time-resolved photoluminescence (PL)
measurements that the rate of energy transfer plateaus for relatively short ligands (Fig. 2b),
which we attribute to reduced electronic coupling between the donor and acceptor due to an
increase in the effective dielectric constant of the NC thin film, calculated from an effective
medium approximation based on the Bruggeman model (Fig. 2a).*® After accounting for the
effects of dielectric screening, we are able to recover the inverse exponential dependence of the
rate of energy transfer on the ligand length as predicted from the Dexter exchange mechanism

(Fig. 2¢).**
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Figure 1: (a) Dielectric constant of the PbS NC film as a function of the ligand length based on an effective medium
approximation. (b) The extracted ky¢r as a function of the ligand length highlights the rate saturation for ligands shorter than ca.
10 A. (c) kyer corrected by the effective dielectric constant, which recovers the expected exponential trend of krer with ligand
length. Reprinted with permission from Ref. 32. Copyright 2017 American Chemical Society.

An alternative TET mechanism based on delayed triplet generation, which is inconsistent with
direct concerted Dexter transfer observed by our group®® and Tang and co-workers,”>*">* has
been proposed by Garakyaraghi ez al.* for a carboxylic acid derivative of TIPS-pentacene (TPn)
surface-bound on PbS NC. Here, the triplet is generated by charge separation at the PbS-TPn
interface first, followed by time-delayed charge recombination. Fig. 3 highlights the relevant
energy levels of the PbS NC and the structure and energy levels of the surface-bound TPn (left).

The proposed delayed triplet generation on TPn is thought to be the result of formation of a
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charge-separated state at the interface due to a single-charge transfer process: an electron from
the TPn ground state fills the empty valence band state of the exciton on the PbS NC. This
results in a TPn radical cation, and a negatively charged PbS NC: TPn"-PbS(e). From this long-
lived (t = 6 ns) charge-transfer intermediate, the surface-bound triplet state *TPn-PbS is created

following charge recombination (right).

A TPn — PbS” TPn* — PbS(e’)
12eV
A
>
2 hv
0:’ — . () 66 €V
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— @ ().24 ¢\/
TPn — PbS

Figure 2: (Left) Schematic of the relevant energy levels in the PbS NC and the surface-bound TPn (structure shown). (Right)
Energy level diagram and proposed pathway of the delayed triplet generation observed. PbS is selectively excited (TPn-PbS*)
and forms a charge-separated state at the interface: TPn""-PbS(e’). Delayed charge recombination results in the surface-bound
triplet state 3TPn-PbS, followed by relaxation of the triplet to the ground state. Adapted from Ref. 39. Copyright 2017 American
Chemical Society.

TRANSMITTER LIGANDS

40,41
% These are

NC quantum dots are surrounded by a layer of surface-passivating ligands.
required to maintain a high photoluminescence quantum yield (PLQY) of the NCs by passivating
dangling bonds and therefore reducing non-radiative recombination centers. However, they pose
a direct hurdle for the upconversion process, as they act as a spacer between the PbS donor and
the organic annihilator, the acceptor of the triplet exciton via Dexter transfer. As mentioned
earlier, this exchange-mediated energy transfer process is exponentially dependent on the donor-
acceptor spacing.’*** To address this issue and increase the upconversion QY, Tang and co-
workers have developed mediating transmitter ligands which facilitate the requirement of the
wavefunction overlap between the donor and acceptor by creating an energy cascade from the
NC to the annihilator.”**® These surface-bound transmitter ligands harvest the triplet excitons
from the PbS NC via TET, and in turn undergo TET to nearby annihilator molecules. The main

requirement for the feasibility of a molecule to act as a transmitter ligand is a triplet energy

which lies between the triplet energy of the PbS donor and that of the organic annihilator.
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However, there are additional factors which need to be taken into consideration: 1) the anchoring
transmitter ligands need to bind tightly to the surface, while preserving the excitonic nature of
the excited state and inhibiting single charge transfer (e.g. carboxylic and phosophonic acids). 2)
The transmitter ligand must be chemically stable; upon excitation following the TET process it
cannot undergo chemical reactions, such as Diels-Alder reactions.* Polyacene-based ligands
with electron-withdrawing substituents show superior performance to their native counterparts.
3) High QYs, as this points to few alternative non-radiative recombination pathways in the
transmitter ligand which could potentially outcompete the desire TET process. 4) To avoid
detrimental triplet exciton quenching or TTA occurring between adjacent ligands, it is beneficial
for the transmitter ligands to have rigid, bulky side groups to minimize unwanted intermolecular
coupling. For the PbS/rubrene system described here, the transmitter ligands 5-carboxytetracene
(5-CT) and 4-(tetracen-5-yl)benzoic acid (CPT) have shown success in improving the
upconversion QY 37-fold and 81-fold, respectively, when compared to the neat PbS/rubrene

system, 23843

PASSIVATING SHELLS TO INCREASE TRANSFER EFFCIENCY

One of the main difficulties in obtaining a high efficiency of TET, even after the requirements of
a short donor-acceptor spacing and a high electronic coupling are met, is reducing the rate of
charge transfer at the interface in favor of the preferred bound exciton transfer. It is also
important to ensure that the TET process outcompetes alternative non-radiative recombination
pathways. Using a wide bandgap semiconductor (e.g. cadmium sulfide CdS) as the shell material
to obtain core-shell nanostructures has been shown to 1) increase the PLQY of PbS NCs by

4 and 2) suppress charge

passivating the surface traps states arising from dangling bonds
transfer.”” However, thick CdS shells on PbS NCs add an additional tunneling barrier and result
in a delocalized electron and a core-localized hole due to the expected quasi-type II band
structure. Fig. 4a shows the absorption and emission spectra of the PbS/CdS core-shell NCs,
highlighting a similar core size based on the location of the excitonic feature. Mahboub et al.?
have been able to show an exponential dependence of the upconversion QY on the CdS shell
thickness, as expected from a Dexter-type TET (Fig. 4b). The empirical damping coefficient of
3.4 A is significantly higher than the damping coefficient of 0.52 A™ observed in solid-state

devices based on PbS core-only NCs.>* This points to a much higher tunneling barrier through
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the inorganic shell vs. the organic ligand shell, which can likely be attributed to a change in the
electronic coupling between the donor and acceptor resulting from the different dielectric
constants of the inorganic vs. organic ligand shell materials.*

As a result, there is a tradeoff between improved passivation and an increased tunneling barrier
with respect to the ideal shell thickness: As the thickness of the passivating layer increases, the
upconversion QY will increase due to an improved surface passivation, but the “high tunneling
barrier” shell will reduce the tunneling rate with increasing thickness. Indeed, for the PbS/CdS
sample in Ref. 22, a ca. 0.1 nm shell thickness (estimate based on the empirical equation by

Moreels et al.*®) shows the highest upconversion QY, as seen in Fig. 4c.
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Figure 3: (a) Absorption (solid) and emission (dashed) spectra of the PbS/CdS core-shell quantum dots. The shell thickness is
estimated based on the empirical equation by Moreels considering the original NC size and the shift in the absorption following
shell growth by cation exchange. (b) Upconversion QY as a function of the shell thickness. (c) The upconversion QY first rises with
increasing CdS shell thickness due to improved passivation, and then begins to fall with further increases in shell thickness due to
the increased tunneling barrier caused by the CdS shell. Adapted with permission from Ref. 22. Copyright 2016 American
Chemical Society.

SOLID-STATE UPCONVERSION DEVICES
To fabricate a solid-state upconversion device, we first deposit a thin layer of PbS NCs on glass
by spin casting, and then thermally evaporate an 80nm-thick film of rubrene doped with DBP at
0.5 vol%.*' The DBP dopant molecules, which have a high fluorescence QY, accept the energy
from the singlets generated by TTA in rubrene through FRET and subsequently relax to emit
visible light. The introduction of DBP boosts the PLQY of rubrene thin film by nearly twenty
times while red shifting its PL from 4 =570 nm to 4 =610 nm. Thanks to the minimal energy
loss in triplet sensitization by the NCs, we demonstrate TTA-based upconversion from excitation
beyond 4= 1 pm to emission at A =610 nm in the solid state.”’

When excited at A =808 nm,

(1.2+0.2)% of the excitons created in the sensitizer lead to the formation of higher-energy

10
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emissive excitons in the annihilator.’ We show that upconversion becomes efficient at an
incident power density of 12 W/cm?. Since the NC film in these devices is mostly submonolayer,
which we estimate to absorb about 0.1% of the incident excitation photons, the threshold
intensity is on the order of 12 mW/cm® absorbed in the NC film, similar to unconcentrated
sunlight in terms of photon flux. This highlights the feasibility of utilization of TTA-based
upconversion in photovoltaics and other low-intensity applications, provided that the absorption
is near unity.

However, we find that in the above bilayer structure, the NC film has to be kept as thin as one or
two monolayers to maximize the upconverted emission. While absorption is higher than that of a
submonolayer, the film does not absorb more than 0.5% of the incident infrared light. The
limitation on the NC thickness is likely due to short diffusion length of excitons in the NC film —
excitons have to be photo-generated close to the hetero-interface in order to transfer their energy
to rubrene — and increased reabsorption of visible emission with a thicker NC film. Morphology
might also play a part. We observe that crystallization of rubrene becomes more prominent with
the presence of an underlying NC layer, and the thicker the NC film, the faster the
crystallization. Such a change in morphology likely reduces the interaction between the NCs and
rubrene, and thus lowers the upconversion efficiency.

To increase the infrared absorption, we enhance the optical field intensity in the NC film through
interference effects. We achieve so by adding an optical spacer layer and a silver back reflector
to the original bilayer (Fig. Sa, 5b).Y By tuning the thickness of the spacer layer made of AlQs,
we maximize the field intensity in the NC layer, thus achieving a five-fold boost in the infrared
absorption and an-order-of-magnitude increase in the upconverted emission at A = 610 nm when
excited at A = 980 nm, as shown in Fig. 5c. The device attains maximum efficiency at an incident
power density of 1.1 W/cm?,*’ an order of magnitude lower than our first report,?' and two orders
of magnitude lower than the alternative solid-state upconversion system based on luminescent
lanthanide ions.* With increased infrared absorption and enhanced upconverted emission, we
are able to measure the upconversion QY more accurately, updating the device efficiency to
(1.6+0.2)% of absorbed infrared photons contributing to higher-energy singlet excitons when
pumped at 2 =980 nm,*” compared to (0.5+0.1)% measured earlier for devices with NCs of the
same energy excited at 4 = 808 nm.?' This work highlights the usefulness of optical management

in solid-state upconversion devices.

11
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To further improve the device efficiency, we increase the rate of triplet energy transfer from the
NCs to rubrene by shortening the organic ligands passivating the surface of the NCs. By
adopting a short ligand consisting of 6 carbon atoms instead of the usual 18 in the native oleic
acid, on NCs of slightly higher energy, and a device structure with interference enhancement, we
achieve a record solid-state upconversion efficiency, turning (7+1)% of absorbed photons into

higher-energy emissive states when pumped at 2 = 808 nm.*

—_—
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-
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Figure 4: (a) Bilayer and (b) interference-enhanced device structure for solid-state upconversion devices. ML: monolayer. (c)
Enhancement of NC absorption at A = 980 nm (left y-axis) and that of upconverted PL (right y-axis), normalized to a bilayer
device, as a function of the thickness of the AlQ; spacer. Inset: photograph of an interference-enhanced device with the A =
980 nm pump light incident at a shallow angle. Adapted from Ref. v,

CONCLUSIONS AND OUTLOOK

NC-sensitized upconversion has the potential to revolutionize low-cost sub-bandgap sensitization
of silicon-based devices, with applications ranging from improved photovoltaics to infrared
imaging. However, there are currently several major hurdles which must be overcome.

1) The infrared absorption of solid-state upconverting devices must be greatly increased. As
mentioned earlier, current devices are based on single monolayers of PbS NCs and absorb well
under 1% of the incident infrared photons. Preliminary results show that it is not trivial to boost
the upconversion emission by simply increasing the thickness of the NC layer, likely due to the
short exciton diffusion length, low PLQY of the PbS NC films, and back transfer of the singlets
created by TTA in the organic semiconductor. As a result, other approaches to boosting the

infrared absorption will need to be explored, where the NCs are not employed as the absorbing

12
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layer, but only function as a spin mixer after accepting excitons from the absorber. Upconverting
lanthanide nanoparticles (UCNPs) have shown great enhancement in their efficiency by using
organic dyes as infrared sensitizing ligands: Zou et al. reported over three orders of magnitude
increase in the upconversion efficiency of UCNPs when using IR 806 as a molecular antenna.'®
However, there is the risk of back transfer of a triplet exciton to the absorber when NCs are used
as the sensitizer.

Besides infrared sensitization of the PbS NCs via energy transfer from high-PLQY infrared light-
harvesting antennas (e.g. emissive bulk semiconductors or organic dyes), optical designs such as
photonic crystals, waveguides, plasmonics, and luminescent solar concentrators could be utilized
to concentrate incident light and/or increase its pathlength for higher absorption.

2) The strong preference for crystallization in polyacene upconverters poses an additional hurdle
for the stability and performance of such devices. Due to the high molecular mobility of the
polyacenes on the NC layer, the annihilator rapidly crystallizes within several days and renders
the upconverting device ineffective. Effort will need to be placed on achieving long-lived, stable
upconversion devices by reducing the mobility of the upconverting molecules.

3) Most TTA-based upconversion systems that upconvert infrared light utilize rubrene as the
annihilator. With a triplet energy of 1.14 eV,* the energy of the NC sensitizers has to be above
~1.1 eV. Since silicon has a bandgap of 1.1 eV, upconversion devices using rubrene as the
annihilator would not be efficient at sensitizing silicon for sub-bandgap photons. Instead, it is
necessary to explore annihilators with triplet energies lower than that of rubrene.

In conclusion, NC-sensitized NIR-to-visible upconversion is an example of a hybrid
inorganic/organic system with advantages unrealized by pure organic or inorganic systems.
Future improvements in optical absorption, stabilizing the hybrid interface in solid-state, and red-
shifting further into the infrared could enable the technology to penetrate imaging and

photovoltaic applications.
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