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Abstract

Singlet fission is an exciton multiplication process in organic molecules, in which a photogenerated
spin-singlet exciton is rapidly and efficiently converted to two spin-triplet excitons. This process offers
a mechanism to break the Shockley—Queisser limit by overcoming the thermalisation losses inherent
to all single junction photovoltaics. One of the most promising methods to harness the singlet fission
process is via the efficient extraction of the dark triplet excitons into Quantum Dots (QDs) where they
can recombine radiatively, thereby converting high-energy photons to pairs of low energy photons,
which can then be captured in traditional inorganic PVs such as Si. Such a singlet fission photon
multiplication (SF-PM) process could increase the efficiency of the best Si cells from 26.7% to 32.5%,
breaking the Shockley—Queisser limit. However, there has been no demonstration of such a singlet
fission photon multiplication (SF-PM) process in a bulk system to date. Here, we demonstrate a
solution-based bulk SF-PM system, based on the singlet fission material TIPS-Tc combined with PbS
QDs. Using a range of steady-state and time-resolved measurements, combined with analytical
modelling we study the dynamics and mechanism of the triplet harvesting process. We show that the
system absorbs >95% of incident photons within the singlet fission material to form singlet excitons,
which then undergo efficient singlet fission in the solution phase (135+5%) before quantitative
harvesting of the triplet excitons (95+5%) via a low concentration of QD acceptors, followed by the
emission of IR photons. We find that in order to achieve efficient triplet harvesting it is critical to
engineer the surface of the QD with a triplet transfer ligand and that bi-molecular decay of triplets is
potentially a major loss pathway which can be controlled via tuning the concentration of QD
acceptors. We demonstrate that the photon multiplication efficiency is maintained up to solar
fluence. Our results establish the solution-based SF-PM system as a simple and highly tuneable
platform to understand the dynamics of triplet energy transfer process between organic
semiconductors and QDs, one that can provide clear design rules for new materials.



Introduction

The quest to increase the efficiency of solar energy harvesting has been a major scientific
challenge since the invention of the photovoltaic cell (PV).! Single junction cells made from
semiconductors such as silicon and GaAs have been well optimised and attain very high efficiencies
of 26.7% and 29.1% respectively.>® However, the efficiency of all single junction cells is
fundamentally capped by the Shockley—Queisser limit.* There is thus a need to develop technologies
that can overcome these fundamental limits to the efficiency of singlet junction cells.

Singlet fission is an exciton multiplication process occuring in a variety of organic
semiconductor materials.>® Here, one photogenerated spin-0 singlet exciton is converted to two
spin-1triplet excitons via a spin-allowed mechanism. Shortly after the discovery of the singlet exciton
fission process (1968),”71% it was proposed as a route to break the Shockley—Queisser limit (1979) by
reducing the energy lost by thermalisation of photoexcited charge carriers with excess energy above
the bandgap.!! However, while there has been a larger effort in recent years to develop new singlet
fission molecules and understand the fundamental photo physics of the process, there have been
only been a few studies of how to harvest the triplet excitons generated via fission to improve the

efficiency of inorganic PV cells, such as Si cells.1271>

One of the most promising methods to harness fission is to harvest the energy of the fission
generated triplets via luminescence.!® In such a scheme, each high energy photon absorbed by the
singlet fission materials would lead to the formation of two triplet excitons via fission which would
then be converted to two low energy photons, to be absorbed by a conventional inorganic PV cells,
thus doubling the photocurrent from the high energy part of the solar spectrum. This scheme, termed
a singlet fission photon multiplier (SF-PM), has been described recently and its potential effect on
cell efficiencies calculated.?’ It was shown that it could increase the efficiency of the best Si PV cells
available today from 26.7% to 32.5%, thus breaking through the Shockley—Queisser limit for the
silicon bandgap. The SF-PM is also technologically attractive as it does not require modification of
the underlaying inorganic PV, but rather can be coated on top of it.

Since triplet excitons are dark states, due to their spin-forbidden return to the ground state,
they cannot directly emit photons.> Hence, a key breakthrough was the demonstration of transfer of
triplet excitons to colloidal inorganic quantum dots (QDs), where the excitations become bright and
can recombine to emit photons.'®1° This discovery also led to the study of the reverse process, the
transfer of energy from QDs to the triplet state of organic semiconductors, for application in
upconversion and triplet sensitisation to drive photochemical reactions.?%2! Numerous studies in this
area have focused on the role of the ligand on the QD in facilitating or hindering transfer of energy
to the organic semiconductor.?2724 These ligands both passivate surface defects and provide the QDs
with colloidal stability. The transfer dependence on the length of the ligands indicated a Dexter-like
transfer mechanism, with shorter ligands providing more efficient transfer as the ligands serve as a
tunnel barrier.2>2® However, for the transfer of triplets into QDs, the basis of current SF-PM



technologies, there have been no equivalent studies looking at triplet harvesting in bulk systems. The
two previous reports of triplet transfer to QDs, considered bilayer systems containing layers of
organic and QDs on top of each other. 81° The confined and bilayer nature of the system means that
triplets formed via fission are always close to an interface with the QDs and hence have ample
opportunity to tunnel across the ligands. However, such a scheme does not provide sufficient light
absorption as to be of any practical use. In a useful SF-PM, the singlet fission material must be present
in sufficient quantity to harvest most of the incident photons (>95%) and at the same time the QDs
must be present in a low concentration so as to minimise parasitic loss via absorption of solar photons
by QDs (<5%).1” No such bulk system has yet been demonstrated, and the dynamics of the triplet
transfer process to the QDs in such system remain unexplored.

Here, we report a solution-based bulk SF-PM system in which >95% of incident photons are
absorbed by the singlet fission material. Efficient singlet fission then occurs in the solution phase
(135+5%) before the triplet excitons are quantitatively (95+5%) harvested via a low concentration of
QDs (<50 mg/mL)), followed by the emission of IR photons. Our solution phase SF-PM consists of a
blend of a highly soluble singlet fission material, 5,12-bis-((triisopropylsilyl)ethynyl)tetracene)
referred to as TIPS-Tc,”’” and lead sulphide (PbS) QDs covered in 6,11-bis-
((triisopropylsilyl)ethynyl)tetracene-2-carboxylic acid)) ligands, referred to as TetCAL, together in
toluene solution. The TIPS-Tc absorbs photons via its So = S1 transition (2.32 eV), while the triplets
generated by singlet fission are efficiently transferred to the PbS QDs via the TetCAL ligands, resulting
in IR luminesce (Figure 1b). Using a range of steady-state and time-resolved measurements,
combined with analytical modelling we study the dynamics and mechanism of the triplet harvesting
process and show that in order to achieve efficient triplet harvesting it is critical to engineer the
surface of the QD with a triplet transfer ligand, TetCAL, analogous to recent work with QD-organic
based up-conversion systems.?> Our results demonstrate that under solar-equivalent fluences it is
possible to efficiently harvest triplet excitons in a bulk system via a low concentration of QDs, with
sufficiently low QD parasitic absorption for realistic coupling to a Si PV cell and establishes design
rules for such a process.!” Our solution-based system also serves as a simple and highly tuneable
platform to understand the dynamics of triplet energy transfer process between organic
semiconductors and QDs.

Results and Discussion

Characterisation of TIPS-Tc + PbS/TetCAL Solution SF-PM System. The synthesis of PbS QDs
with oleic acid ligands (OA) and subsequent ligand exchange with either TetCAL or hexanoic acid
(HA) was carried out using an adaptation of previously reported methods.?® Figure 1c shows the
absorption and emission spectra of TIPS-Tc, TetCAL, PbS QDs with the native OA ligands (PbS/OA)
and those modified with TetCAL via ligand exchange (PbS/TetCAL). Attachment of the TetCAL ligand
after multiple wash cycles in acetone is confirmed via UV-Vis absorption measurements, where
the TetCAL absorbance peaks are visible on top of the PbS QD absorbance. The absorption of TIPS-
Tc, TetCAL and PbS/TetCAL show clear vibrionic structure. The 0-0 vibrionic peak of TIPS-Tc at 535 nm



gives an S; energy of 2.32 eV, while the TetCAL 0-0 peak at 545 nm (2.28 eV) indicates a 40 meV red
shift on addition of the carboxylic acid functional group. The triplet energy of TIPS-Tc is expected to
be 1.2 eV,?” meaning that singlet fission in TIPS-Tc is endothermic.

The PbS QDs are tuned such that their bandgap, as measured from the excitonic absorption
peak at ~1180 nm (~ 1.05 eV), is below the triplet energy of TIPS-Tc (~ 1.2 eV), making it energetically
favourable to accept triplets from TIPS-Tc.!® The Stokes-shifted PbS QD photoluminescence peak is
at ~1350 nm (~ 0.92 eV). TIPS-Tc is a well-studied singlet fission material, which has been shown to
efficiently undergo fission in high-concentration solutions (>200 mg/mL) with a fission yield of 120 +
10%.2729

TetCAL is designed to act as a triplet transmitter ligand, whose triplet energy will lie above
the bandgap of the QDs and slightly below that of the TIPS-Tc fission material, due to the conjugation
of the COOH group which slightly lowers the energy levels in comparison to TIPS-Tc. As illustrated in
Figure 1a, transfer of a triplet between TIPS-Tc and the PbS/OA QD would have to occur over a large
distance. The oleic acid ligands act as a tunnelling barrier, resulting in a large Dexter transfer distance
and thus reducing the rate of transfer.'8'® Whereas, with the TetCAL ligand acting as a transmitter,
the triplet exciton can first transfer to the ligand. After this initial triplet transfer, the Dexter transfer
distance into the PbS QD has been significantly decreased compared to transfer through either OA
or HA.%

Molar absorption coefficients for the various species were measured across the Vis-NIR range.
In particular the molar attenuation coefficients at 515 nm for TIPS-Tc, PbS/OA and PbS/TetCAL were
found to be 2.4 x 10%, 2.6 x 10°, and 3.5 X 10° Lmol~tcm™!, respectively (Figure S2). These
attenuation coefficients have been used to calculate the relative absorption of photons in each
species for varying concentration of the blends components. The measured absorbance of a 15 um
thick solution of TIPS-Tc and PbS/TetCAL QDs shows the TIPS-Tc absorbance peak (535 nm) is two
orders of magnitude higher than the parasitic absorbance of the PbS QD (Figure S4a). Using the molar
attenuation coefficients for the solution PM the absorption for a 2.5 um thick solution is predicted
to be >95% at the TIPS-Tc peak while the QD parasitic absorption will be less than 5%, thus fulfilling
the absorption criteria for a “realistic” SF-PM proposed previously (Figure S4c,d).Y’

We perform qualitative evaluation of the SF-PM system by measuring IR-detected
photoluminescence excitation spectra. Figure 2a shows the photoluminescence (PL) excitation scan
of a solution of PbS/OA QDs in toluene (50 mg/mL), along with the comparable excitation scans for
blends of TIPS-Tc (200 mg/mL) and QDs with various ligands, normalised to the value at 700 nm
excitation.'® The excitation scan of PbS/OA has a decreasing emission with increasing wavelength,
following the absorbance of the QDs across this region. At wavelengths above 600 nm, where only
the QDs are absorbing, all solutions follow the same trend. However, at wavelengths less than this
the concentrated TIPS-Tc, with orders of magnitude higher absorption, is absorbing most of the light
(Figure S4) and so the IR PL from the solution is an indication of the amount of exciton transfer from
TIPS-Tc to the QDs. Compared to PbS/OA on its own, TIPS-Tc + PbS/TetCAL solution, show an increase
in the IR PL for wavelengths where the TIPS-Tc is absorbing, with the PL excitation peaks matching



with TIPS-Tc absorption peaks, indicating a high exciton transfer efficiency. In contrast blends of TIPS-
Tc and PbS QDs without the TetCAL ligand (either OA or HA ligands) show a significant drop in IR PL
for excitation below 550 nm, with dips that match with the absorption peaks of TIPS-Tc. This shows
that for these solutions energy transfer from TIPS-Tc to the QDs is inefficient.

For quantitative evaluation of the SF-PM system we use IR PLQE measurements on a series of
solutions with varying QD concentrations. By comparing the IR PLQE values when the solution is
excited at 515 nm, which excites both TIPS-Tc and QD, or at 658 nm, which selectively excites the
QDs, the efficiency of exciton transfer can be determined (Figure 2b). For TIPS-Tc + PbS/TetCAL
solutions the peak PLQE occurs at a QD concentration of 50 mg/mL, with 18.2% IR PLQE (515 nm
excitation), while the intrinsic PLQE of the QD in the same solution was found to be 14.6% (658 nm
excitation) (Table S1).

The IR PLQE of a photon multiplier, np, (1), for excitation at wavelength 4, with singlet fission
donor and emissive QD acceptor components, can be expressed as,*®

uop D) +n1rirc(d) (1)
top M +urc()

npu(A) = Nop

Where 1,p is the intrinsic PLQE of the QD, y; is the attenuation coefficient, base 10, of the ith
component and 14, is the total exciton transfer efficiency from the donor to acceptor. Using equation
(1), the measured molar absorption coefficients and the intrinsic QD PLQEs, we calculate the exciton
transfer efficiency, nr,., as shown in Figure 2b (see supplementary section 4 for details). Here, we
have quantitative proof of singlet fission photon multiplication, as we observe values of exciton
transfer above 100%, for concentrations greater than ~10 mg/mL of PbS/TetCAL QDs. Magnetic field
dependent PL measurements confirm that we are harvesting triplet excitons generated via singlet
fission (Figure S31).18

The PLQE and transfer efficiency values for 100 mg/mL QD concentration have been
highlighted as outliers due to self-absorption losses (Figure 2b). Self-absorption is identified from the
drop in intrinsic PLQE and red shifting of the PL spectrum (Figure S6). The measured transfer
efficiencies, nr,, for the PbS/OA system are low for all QD concentrations, indicating poor exciton
transfer. Changing the QD ligand to HA does result in slightly increased IR PL when the TIPS-Tc is
absorbing. This trend agrees with the HA ligand resulting in higher exciton transfer than the longer
OA ligand due to HA having a shorter Dexter transfer distance.'®%2> However, the TetCAL ligand
greatly outperforms the shorter HA ligands.

Along with the increased steady state PLQE we measure a longer lived transient PL signal for
PbS/TetCAL+ TIPS-Tc compared to PbS/OA+ TIPS-Tc, when excited at 530 nm, as shown in Figure. 2c.
This indicates that the triplet exciton transfer is occurring on time scales comparable to or slower
than the decay of the excited QD states. Due to the long lifetime of the QDs compared to the fixed
repetition rate (1 MHz) used to photo-excite the system, a significant population of excited TIPS-Tc
and QD states, were still present when the next pump laser pulse interacts with the system. This
effect is most apparent by the high PL counts before time zero. This represents real photon counts
from the sample, as the electronic noise that contributes a background has been removed
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(supplementary section 7). We use a bi-exponential decay in the presence of a periodic excitation to
fit the decay of the QD PL (supplementary section 7). The short time constant component is a
parameterisation of the non-linear recombination occurring in the QD, while the longer time
constant is the decay constant for excited QD states. When the SF-PM solutions are excited at
530 nm, where TIPS-Tc’s absorption is dominant, we extract a decay constant of 1.30+0.01 us for the
PbS/OA quantum dots, compared to 22.0 +0.7 us for the PbS/TetCAL QDs. The value for PbS/OA QDs
is in agreement with previous reports for PbS/OA QDs alone in toluene, however the PbS/TetCAL
value is significantly longer.?? This suggests the TIPS-Tc triplet excited states are feeding the
PbS/TetCAL QDs (10 mg/mL) with a time constant of around 20 ps.

Investigation of TIPS-Tc Singlet Fission by Femtosecond Transient Absorption. To evaluate
the ultrafast excited-sate dynamics of TIPS-Tc in the presence of PbS QDs, femtosecond transient
absorption spectra were measured (Figure S10,11). In concentrated solutions of TIPS-Tc
(200 mg/mL), with and without PbS/TetCAL (50 mg/mL), we observe a loss of the singlet and rise of
triplet features within 100 ps after excitation (supplementary section 8).27-2° Comparing the decay of
the singlet exciton in both cases reveals no significant difference in the fission kinetics and shows
that singlet exciton transfer to the QD cannot compete with the singlet fission rate. We put an upper
bound on singlet exciton transfer efficiency from the initially excited TIPS-Tc singlet to the
PbS/TetCAL QDs at 5% (supplementary section 8). We see no significant growth of QD features in the
first 2 ns after photo excitation. Therefore, the transfer being observed is predominantly triplet
transfer on timescale greater than 2 ns.

Investigation of Triplet Transfer by Nanosecond Transient Absorption. To investigate the full
decay of the excited states in TIPS-Tc and PbS/TetCAL, nanosecond transient absorption (nsTA)
spectra were measured, as shown in Figure 3a. After fs pulse excitation at 535 nm, we observe initial
nsTA spectra that contain both TIPS-Tc triplet and excited state QD features in the NIR probe region
(750-1250 nm). We identify the TIPS-Tc triplet excitons by the two photoinduced absorption (PIA)
peaks at 840-850 and 960-970 nm.?”2° The positive signal at 950-1200 nm is assigned to a ground
state bleach (GSB) from QD excited states.'®

In solutions of concentrated pristine TIPS-Tc we observe long-lived (>10 us) triplet excitons as
identified by the triplet PIA features (Figure S12), which is consistent with previous literature.?’
Additionally, we identify a broad PIA feature across the probe range, identified as an excimer state,
decaying within 10 ns.?”?° The decay of TIPS-Tc triplets display significant fluence dependence,
indicating bi-molecular recombination as a significant decay channel for the excited triplet states
(Figure S12). Global fitting of multiple nsTA kinetics (at varying laser fluences), following previously
reported methods for fitting triplet decay dynamics, involving an analytic model for a second order
rate equation, allows extraction of the monomolecular and bi-molecular triplet decay rates of 5.6
5.1 (ms)*and (7.6 + 0.3) x 10723cm3ns ™1, respectively (Table S5).3° The significant uncertainty on
the mono-molecular decay rate indicates that we have not fully resolved the intrinsic decay of the
triplet states. Given the uncertainty in the extracted values, comparison of the decay rate shows at
most 40% of triplets decay mono-molecularly at the lowest laser fluence used, 21 pw/cm?, the rest
decaying via bi-molecular channels.



In the presence of either PbS/OA or PbS/TetCAL we observe no effect on the generation of
triplets via singlet fission in TIPS-Tc, evident by the similar initial nsTA intensity of the triplet PIA
features (Figure S16). For both QDs types, at early times the negative nsTA feature corresponding to
the TIPS-Tc excimer PIA, overlaps with the GSB and PIA of the QDs. The decay of this negative feature,
produces an apparent rise in the positive ground state QD GSB signals which overlap in the 1140-
1160 nm region. This rise in signal is thus not associated with a change in QD population (Figure 3b).
At 10 ns, the PbS/OA and PbS/TetCAL GSB signals are of similar intensities, indicating similar initial
populations of excited QDs in both systems. We assign this initial TA signal to the fraction of photons
that directly excite the QDs with the 535 nm pump pulse. After the initial direct excitation of the
PbS/OA QDs we observe a decay in the excited QD signal characterised by a 1.8 + 0.1 us decay
constant. In comparison the solution with PbS/TetCAL QDs (100 mg/mL) shows a significantly longer
5.1+0.2 pus decay constant for the QDs. This is longer than its intrinsic 1.90 £ 0.05 s lifetime (Figure
S13). This increased time constant is consistent with delayed triplet transfer to the QDs and is thus
consistent with the TrPL data shown in Figure 2c.

To clarify the quenching of the TIPS-Tc triplets and transfer to the PbS/TetCAL QDs, difference
nsTA maps were calculated. The nsTA spectra for PbS/TetCAL (under 535 nm excitation) was linearly
scaled to match with the initial QD GSB (in the range 20-40 ns) in the TIPS-Tc+PbS/TetCAL blends and
the difference was calculated.3! The difference nsTA maps contain information about excited QDs
resulting from transfer, without contribution from directly excited PbS/TetCAL QDs (Figure 3c and
S18). After this transformation the loss of the TIPS-Tc triplets corresponding with a rise in the QD GSB
is clear. The strength of the QD GSB that grows in after 100 ns, is seen to increase with the
concentration of the QDs (Figure S19), consistent with diffusion-limited transfer. Applying linear
regression of the pristine TIPS-Tc triplet spectrum to the difference maps allows extraction of the
magnitude of the TIPS-Tc triplet PIA spectrum as a function of time and QD concentration, as seen in
Figure 3d (details in section S8). Comparing these triplet PIA lifetimes shows a quenching that is
dependent on PbS/TetCAL QD concentration.

Kinetic Model: We use the following kinetic model to describe the transfer of triplets from
the TIPS-Tc to the PbS/TetCAL QDs,

drT.
d_tl = _(kT + kTETXO)Tl - k2T12; (2)
ax
d_tl = krprXoTy — kx Xy, (3)

where T; is the triplet density produced via singlet fission with an efficiency ngg, X1 is the
density of excited QD states, kr and kz are the intrinsic and bi-molecular decay rate constants for
TIPS-Tc triplets, krer is the triplet transfer rate to the PbS/TetCAL QDs, kx is the QD decay rate and Xo
is the concentration of the QD acceptor. Using the bimolecular triplet decay rate obtained for pristine
TIPS-Tc as a fixed input parameter, we apply fitting of analytical solution for the 2" order rate
equation and extract the mono-molecular decay rate as a function of PbS/TetCAL QD concentration,
ki = k¢ + kygr X, (inset, Figure 3d). Applying this Stern-Volmer like quenching model we extract a
triplet transfer rate of krer = 0.0039 + 0.0001 (mg/mL)us™ (5.1x108 + 0.1x10% M1s1) and an intrinsic



triplet lifetime of tr = 250 + 180 ps.3° The reasonable agreement with a linear relation between TET
rate and QD acceptor concentration indicates that the triplet transfer is diffusion-limited, not
kinetically limited. Using triplet exciton diffusion constants from previously reported diffusion-
ordered nuclear magnetic spectroscopy measurements and assuming relatively low diffusion of the
PbS/TetCAL QD, we estimate the diffusion-limited transfer rate to be 0.085 + 0.012 (mg/mL)us?
(supplementary section 6).2” This is roughly a factor of 20 times higher than what we observe.
Possible reasons for this disagreement include, a low Gibbs free energy to drive the transfer, non-
uniform coverage of the TetCAL ligand over the surface of the PbS/TetCAL QDs and steric hindrance
from residual OA ligands attached to the QD.3?

Using the extracted intrinsic PbS/TetCAL QD lifetime and triplet transfer rate, the simulated
dynamics for the decay of the triplet excitons and the excited state QDs are calculated and shown in
Figure 3c along with the TIPS-Tc triplet difference PIA signal and the QD GSB signal (1140-1160 nm)
(details in supplementary section 8). Agreement with the two species model described by equations
2 and 3 suggests that the transfer of triplet excitons from the TetCAL molecules into the QD is not
rate limiting. However, this step should still be seen as critically important for the transfer process.
Additionally, we calculate the triplet transfer efficiency, nrgr, as a function of the PbS/TetCAL QD
concentration, at the laser fluence used in the IR PLQE measurements. Multiplication of this TET
efficiency with a singlet fission yield of, ngr = 135 + 5%, gives reasonable agreement with the
observed values for the exciton transfer efficiency, ¢, = nsgnrer, from our PLQE data (Figure 2b,
grey curve). This value for the singlet fission yield agrees with previous predictions obtained via the
magnitude of transient absorption spectra.?’” For the 50 mg/mL solution of PbS/TetCAL QDs we
calculate a triplet exciton transfer efficiency of nrgr = 95 + 5 %, approaching 100% at higher QD
concentration (Figure S27).

Unexpectedly the nsTA data suggest that triplet exciton transfer in TIPS-Tc+PbS/TetCAL
solutions is significantly hindered by bi-molecular decay of the TIPS-Tc triplets, presenting a concern
for the versatility of this SF-PM to operate in real world conditions under solar irradiance.

Determining the Solution Phase SF-PM Fluence Dependence. To evaluate the effect of bi-
molecular triplet decay on the photon multiplication efficiency of TIPS-Tc+PbS/TetCAL blends, steady
state PL spectra were measured at a range of laser fluences, as shown in Figure 4a. Here we measure
the PL from the QDs that arises after the fission and triplet transfer process. At lower excitation
densities the QD IR PL increases linearly with the flux, but then passes through a threshold triplet
generation density, G, after which the QD PL goes as the square root of the excitation density.
Modelling of the system (see supplementary section 10) reveals that the threshold triplet generation
rate per unit volume, G, is given by,

(kr+kTETX0)?
GTh — T TETA0 . (4)

ko

Equation (4) shows that this threshold will increase with QD concentration. The data for TIPS-Tc with
2 mg/mL of PbS/TetCAL QDs show a change from linear to square-root dependence at a threshold
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intensity of 2.9 + 1.0 mW/cm?, consistent with the value of 2.0 + 1.2 mW/cm? expected from equation
(4) and the nsTA kinetic parameters. In contrast, the solution with the higher concentration of QDs
(100 mg/mL) shows little deviation from a linearity over the range of intensities studied, indicating
an insignificant effect from the bi-molecular decay of triplets. The PLQE is therefore maintained up
to equivalent solar fluences (the photon flux available for absorption by TIPS-Tc under the AM1.5G
spectrum) (Figure S30 and supplementary section 11). This shows that the TIPS-Tc + PbS/TetCAL
solutions are appropriate to use as a SF-PM under practical conditions.

Figure 4b shows simulations of the normalised photon multiplication efficiency, npy/M¢p,
across a range of power flux and PbS/TetCAL QD concentrations. The results reveal that the intrinsic
QD PLQE can be exceeded for a wide range of configurations. However, if we aim for a higher value
of Mpu/Nop equal to 0.95nse (corresponding to 95% of the initial singlet fission efficiency) this
significantly reduces the useful parameter space, as shown by the highlighted contour in Figure 4b,
where the dotted red line corresponds to solar fluence. Thus, a minimum concentration of 30-40
mg/mL of QDs is required to efficiently harvest the bulk of the triplets generated at solar fluence for
this system. As we have shown, this is limited by the bimolecular triplet-triplet recombination of TIPS-
Tc.

Conclusion

We have demonstrated a solution-based bulk SF-PM system, in which >95% of incident photons are
absorbed by the singlet fission material, TIPS-Tc. Efficient singlet fission occurs in the solution phase
before quantitative harvesting of the triplet excitons via a low concentration of PbS QDs (<
50 mg/mL)), followed by the emission of IR photons. We have shown that in order to obtain efficient
harvesting of the fission generated triplets it is necessary to engineer the surface ligands on the PbS
QDs. TetCAL ligands are shown to be much more efficient that either OA or HA. Several surprising
results are uncovered; for instance while the transport of the TIPS-Tc triplets to the PbS/TetCAL QD
is the rate-limiting step, it occurs more slowly than would be expected for a purely diffusion limited
process suggesting that there exists a mixed nature of the QD ligand coverage (consisting of both of
the TetCAL and OA). This leads to the need for multiple collisions before transfer is achieved to the
TetCAL ligand. We also find that bi-molecular recombination of triplets is the major loss channel and
limits the photon multiplication performance at high fluences. However, it is possible to arrange a
sufficiently high concentration of QDs (30-50 mg/mL) such that 95% of the triplets present can be
harvested at solar fluence, but still minimise parasitic absorption such that at energies below the
absorption of TIPS-Tc less than 5% of photons are absorbed by the PbS QDs. These results thus
establish that it is possible to have a photon multiplication scheme that can function at solar fluence
and shows the potential of singlet fission photon multiplication as a means to break the Shockley—
Queisser limit. Currently the limiting performance factors are the PLQE of the PbS/TetCAL quantum
dots and the TIPS-Tc singlet fission yield. With the current singlet fission yield of 135%, a QD with
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PLQE larger than 80% would be required in order to achieve an overall photon multiplication yield
greater than 100%.

Future improvements to the photon multiplication scheme should focus on increasing the
transfer rate, resulting in a larger parameter space where triplets are effectively extracted with the
need for lower concentration of QDs (Figure S29). A reduction in the rate of bi-molecular
recombination of triplets would also be highly desirable, for instance by tuning electronic structure
such that TTA events lead solely to the reformation of the singlet state, which could then be recycled.
Lessons can be learnt from the photon upconversion field, where TTA vyields for singlet generation
can approach 100%.%° Ultimately, the SF-PM will require solid-state implementation, which will
require careful control of nano-morphology, as well as energetics and surface chemistry of the QDs.
The solution-based SF-PM system we have established here serves as a convenient and highly
tuneable platform to understand the fundamental photophysics of the triplet transfer process from
organic semiconductors to QDs, and to test materials combination, energetics and surface
chemistries, in order to guide the future development of solid-state SF-PM systems.
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Figure 1. TIPS-Tc, TetCAL and PbS NCs act as the singlet fission material, transmitter and emitter
respectively in this hybrid photon multiplier system. (a, b) Schematics of the photon multiplication
process. The TIPS-Tc molecules absorb high-energy visible photons, producing a photoexcited S; state
which then interacts with a different ground-state molecule to undergo singlet fission to form two
excited triplet molecules via an intermediate TT state. (a) The high-bandgap carboxylic acid inhibits
the TIPS-Tc triplets from getting close enough to the PbS NCs for triplet energy transfer (TET) to occur.
(b) The TetCAL molecules bound to the PbS NCs surface are populated via TET from the TIPS-Tc,
bringing the triplets in close contact with the PbS NCs and thus mediating TET to the PbS NCs. (c) The
absorbance (solid line) and emission (dashed line) spectra of Tips-Tc (blue/top), TetCAL (red/top-mid),
PbS-OA NCs (green/bottom-mid) and PbS-TetCAL NCs (black/bottom).
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Figure 2. (a) PbS QD PL excitation spectra for solutions of TIPS-Tc (200 mg/mL) and 1.05 eV PbS QDs
(50 mg/mL ) with OA (green), HA (yellow) TetCAL (grey) ligands, along with PbS/OA QDs on their own
(dashed). The excitation spectra are normalised to the value at 700 nm, where only the QD is
absorbing. (b) Excitation transfer efficiencies from TIPS-Tc to PbS/OA (green circles) and PbS/TetCAL
(black squares) in solution with varying concentrations together with TIPS-Tc (200 mg/mL), under 515
nm 500 uW/cm? excitation. The horizontal grey dashed line indicates the point at which 100%
excitation transfer occurs. The values for 100 mg/mL QD concentration have been highlighted as
outliers due to self-absorption losses. The triplet exciton transfer efficiency, ¢rgr, calculated with the
kinetic parameters derived from the nsTA (details below) is scaled by a singlet fission efficiency, ngr =
1.35 + 0.05, to match with the values obtained by PLQE measurements for PbS/TetCAL (grey, with
95% confidence bounds). (c) Near-infrared transient PL for 10mg/mL PbS/OA NCs (green) and
PbS/TetCAL NCs (grey) in toluene with 100 mg/mL TIPS-Tc, under excitation with 530 nm 300 pJ/cm?,
1 MHz repetetion rate pump pulses. The kinetics have been normalised to the maximum value after
removal of a fixed value representative of contributions to camera counts from ambient conditions.
The laser pump timing has been aligned with t = 0 ns, and thus counts before this time are residual
counts from all previous pump pulses. The fits to the transient kinetics (black) follow a
parameterisation with a bi-exponential function, where the slower exponential decay is summed over
all previous pump pulses, representing an exponential decay in a periodic driven system (see
supplementary section 7 for details).
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Figure 3. (a) nsTA spectra of TIPS-Tc + PbS/TetCAL blend (200 mg/mL and 100 mg/mL), excited at 532
nm 170 uJ/cm?. Each spectrum is an average over the time ranges indicated. (b) Normalised nsTA
kinetics under 40 pJ/cm?, at the QD GSB region (1140-1160 nm). The QD GSB signals have been fitted
with a mono-exponential decay. The PbS/OA and PbS/TetCAL QDs are found to decay witha 1.8 + 0.1
and 5.1 + 0.2 us decay constant respectively. The 1140-1160 nm kinetic for TIPS-Tc has been scaled
by the same normalised factor as for PbS/TetCAL+TIPS-Tc. (c) nsTA difference map for a solution of
TIPS-Tc (200mg/mL) and PbS/TetCAL QDs (100 mg/mL), under 535 nm 40 uJ/cm? excitation. The
PbS/TetCAL and TIPS-Tc triplet TA spectra used for decomposition by linear regression are shown
(right inset). The strengths of TIPS-Tc triplet PIA signal (from linear regression) and the PbS/TetCAL
QD GSB (1140-1160 nm) are shown with overlaid simulation of the population (top inset). (d)
Normalised kinetics for the TIPS-Tc triplet population found from decomposition via linear regression
of the corresponding nsTA difference map, for a variety of PbS/TetCAL QD concentrations. The triplet
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decay kinetics are fitted with an analytical solution for a second-order rate equation, where the
bimolecular triplet decay rate is a the value found for pristine TIPS-Tc. The inset shows the fitted
monomolecular triplet decay rate constant as a function of PbS/TetCAL QD concentration with a linear
fit and 95% confidence bounds.
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Figure 4. (a) Total IR PL counts from PbS/TetCAL QDs for solutions of low (2 mg/mL, blue circles) and
high (100 mg/mL, black squares) QD concentration with TIPS-Tc (200 mg/mL) for varying 532 nm
excitation flux. The PL counts are fit with power-law relations to laser flux, either across the entire
flux range (100 mg/mL) or separated into two fits (2 mg/mL), for low and high photon flux. The
intercept of the fits to the low and high flux regimes gives 2.9 + 1.0 mW/cm? as the threshold power
flux (blue vertical dashed line). (b) Simulation of the photon multiplication efficiency normalised by
the PbS/TetCAL QD intrinsic PLQE, under 532 nm excitation. Two contours of interest are highlighted;
the region in which the PM efficiency is larger than the QD PL efficiency napo (black) and when PM
efficiency is 95% of the upper limit for PM efficiency given by the singlet fission yield (purple line). The
equivalent solar flux available for absorption by TIPS-Tc under the AM1.5G spectrum (red horizontal
dashed line).
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2 Methods

2.1 Chemicals
The TIPS-Tetracene-Carboxylic acid (TetCAL) was synthesized as described previously.! The TIPS-Tc was
obtained from Ark Pharm. All other chemicals were purchased from Sigma-Aldrich and used as delivered.

The synthesis of PbS QDs was carried out following a modified version of previously reported methods.?
Briefly, PbO (0.45 g), oleic acid (7 g) and 1-octadecene (10 g) were loaded in a three-neck flask and degassed
at 110 °Cfor 2 h. Subsequently, the reaction flask was flushed with nitrogen and the temperature was lowered
to 95 °C. A solution containing bis(trimethylsilyl)sulphide (210 uL) in 1-octadecene (5 mL) was rapidly injected
into the lead precursor solution. The reaction flask was then allowed to cool down naturally to ambient
temperature (~25°C). The PbS QDs were first extracted by adding hexane and acetone, followed by
centrifugation. Before ligand exchange, the QDs were further purified with hexane/acetone and then re-
dispersed in toluene at a concentration of ~100 mg mL™.

The ligand exchange was performed in a nitrogen-filled glovebox. The PbS QDs stock solution was diluted to
~20 mg mL*and 1 mL was used for ligand exchange. 0.2 mL of the TetCAL solution (variable amounts dissolved
in tetrahydrofuran) was added to the PbS QD solution, and the mixture was stirred for at least 1 h. The
PbS/TetCAL QDs were then extracted by adding acetone (4.8 mL) to the mixture followed by centrifugation.
The supernatant was discarded and the precipitated QDs were re-dispersed in toluene (1 mL). The PbS/TetCAL
QDs were further purified using a minimum of six repeated dispersion/precipitation/centrifugation cycles until
the wash solution contained no TetCAL. Finally, PbS/OA or PbS/TetCAL QDs at varying concentration (up to
100 mg mL?) and TIPS-Tc (200 mg mL™) were dispersed in toluene and dispensed into cuvettes under a
nitrogen atmosphere.

2.2 Optical Spectroscopy

2.2.1 Continuous Wave Measurements

Absorbance spectra of solutions were measured using a Shimadzu UV3600Plus spectrometer with attached
integrating sphere. Photoluminescence excitation spectra were measured on an Edinburgh Instruments
FLS980 fluorimeter. Solution samples were measured using in-house made cuvettes with optical path length
on the order of 100 microns thick.

2.2.2 PLQuantum Efficiency Measurements

PLQE measurements were made following the procedure of de Mello et al.> Temperature and current
controlled laser diodes (Thorlabs) were used to generate stable laser beams with wavelengths either 515 nm
or 658 nm. After attenuation to the desired intensity these were aligned through a small hole, onto samples
suspended, in a Spectralon-coated integrating sphere (Newport 819C-SL-5.3) modified with a custom baffle
extension. Light from the experiment was collected using an optical fibre connected to a Andor Kymera 328i
Spectrograph and spectra recorded using either a Si-CCD (Andor iDus 420) for the visible region, or a InGaAs
detector (Andor, Dus InGaAs 490) for the NIR region.

2.2.3 Steady State IR PL and Magnetic Dependent PL

Temperature and current controlled laser diodes (Thorlabs) were used to generate stable 530 nm and 658 nm
laser beams. After attenuation to the desired intensity the laser beam was focused onto the sample cuvettes
while PL light from the sample was collected and focused into a Andor Kymera 328i Spectrometer and spectra
recorded using either a Si-CCD (Andor iDus 420) for the visible region, or a InGaAs detector (Andor, Dus InGaAs
490) for the NIR region. Additionally when magnetic field dependent PL measurements were performed an
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electromagnet was place such that the sample was located within the poles of the electromagnet. As described
previously, different magnetic field strengths were achieved by using a Keithley 2400 variable voltage source
connected to a current amplifier, to drive the electromagnet.* The magnetic field between the poles (at the
sample position) was calibrated to the applied voltage by a Gauss-meter. When measuring the PL, from the
PbS QDs (near IR region), both a RG1000 long pass filter (Schott) and a PL950 long pass filter (Thorlabs) were
placed in front of the entrance to the spectrometer. These removed laser scatter and higher order peaks from
the grating. After averaging over multiple sweeps of the magnetic field and integration of the spectra, the
percentage change relative to the spectrum under zero applied field strength was calculated.

2.2.4 Transient Absorption

In this technique a pump pulse generates photoexcitations within the solutions, which are then probed at later
times using a broadband probe pulse. Transient absorption spectra were recorded over short (200 fs - 2 ns)
and long (1 ns- 300 ps) time delays. The femtosecond transient absorption experiments are performed using
an Yb- based amplifying system, Light Conversion PHAROS with 400 pJ per pulse at 1030 nm with a repetition
rate of 38 kHz. The laser output is modified using a 4 mm YAG substrate to produce the probe beam from 520
to 950 nm. Using a narrow band optical parametric oscillator system (ORPHEUS- LYRA, Light conversion) with
1030 nm seed, the pump beam is generated at 535 nm (full-width at half-maximum 250 fs). The probe pulse
is delayed using a computer- controlled mechanical delay-stage (Newport) and the on-off pump pulses are
generated by means of a mechanical chopper (Thorlabs) before hitting the sample. The pump and probe
beams are focused with sizes 250x250 um and 80x80 um respectively, at the sample position. The probe pulse
transmitted through the sample cuvette is collected using a silicon line scan camera (AViiVA EM2/EM4) with
a visible monochromator 550 nm blazed grating.

For long-time (ns-TA) measurements a LEUKOS Disco 1 UV Low timing jitter supercontinuum laser (STM-1-UV)
is used to generate the probe. This laser produces pulses with a temporal breadth below 1 ns from 200-
2400 nm and has an electronically controlled delay relative to the pump. The pump is generated at the desired
wavelength using a TOPAS optical amplifier pumped by 800 nm 100 fs pulses from the Spectra-Physics Solstice
Ace Ti:Sapphire amplifier at 1 kHz. The probe is split by a 50% reflectance beam splitter to create a reference.
The pump and probe beams are overlapped on the sample adjacent to the reference beam. This reference is
used to account for any shot-to-shot variation in transmission. The sample is held in a 1 mm quartz cuvette,
mounted into a holder. The probe and reference beams are focused into an imaging spectrograph (Andor,
Shamrock SR 303i) and detected using a pair of linear image sensors (Hamamatsu, G11608) driven and read
out at the full laser repetition rate by a custom-built board from Stresing Entwicklungsburo. In all
measurements every second pump shot is omitted using a mechanical chopper for short-time measurements.
The average fractional differential transmission (AT/T) of the probe is calculated for each time delay once 1000
shots have been collected. Deconvolution of TA data is achieved using either spectral target analysis or global
analysis. For spectral target analysis we predefine the spectra present and find the proportion of each
spectrum present at every time point via linear regression. While, global analysis of the TA data is achieved
using a genetic algorithm described previously.>®

2.2.5 IRTCSPC

Samples were excited with a pulsed supercontinuum laser (Fianum Whitelase SC-400-4, 6 ps pulse length) at
1 MHz repetition rate. The pump wavelength set to 530 nm (full-width at half-maximum 10 nm) with a
dielectric filter (Thorlabs). Pump scatter from the laser excitation within the photoluminescence path to the
detector was filtered-out with an absorptive 1000 nm long-pass filter (Thorlabs). The infrared
photoluminescence was focused and detected by a single-photon avalanche photodiode based on InGaAs/InP
(MPD-InGaAs-SPAD).
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2.3 Solution Preparation

Cuvettes of three varying thickness’ were used during optical measurements. Experiments requiring a fixed
and accurate path length, 1 mm cuvettes (Sigma-Aldrich Hellma absorption cuvette) were used. The
disadvantage of these cuvettes is that their long optical path length means concentrated solution are
incredibly optically dense in the visible region and thus effectively no visible light can be transmitted. Even in
situations where transmission is not important, the amount of material required for use is excessive.

To reduce the path length in-house made cuvettes were used. Cuvettes with roughly 100 um gaps were
created by stacking a 100 um thick PVC sheet, stencilled with a cavity, between to glass cover slides. The edges
were encapsulated with a 2-part quick dry epoxy (Araldite 2-part epoxy adhesive). The advantage of this
particular sized cuvette is that the solution inside is of high enough optical density for reliable QD PLQE values
to be achieved with excitation across the visible range.

However, to achieve a SF-PM with low parasitic QD absorption (560-1200 nm) cuvettes with no spacer were
used during the absorption measurements. These samples have a gap for solutions on the order of 10 um, as
determined form comparison of absorbance values with a TIPS-Tc reference solution.

10 Micron Cuvette 100 Micron Cuvette

4 , =

~10 um l Y ~100 um —|—|=h
[ —— [ ——

25 mm 25 mm

Figure S1: Schematic of the in-house made cuvettes, both were filled with roughly 10 uL of solution. The low volumes needed for these
cuvettes allows the exploration of a wider range of concentration, particularly for higher concentrations of TIPS-Tc and QDs where
material constraints must be considered. After filling the cavity with the desired solution, epoxy was applied to seal the remaining edge.

3 Absorption Measurements

3.1 PbS Molar Mass Estimation

Estimation of the number of ligands attached to the surface of a quantum dot is experimentally challenging
and can be achieved with techniques such as DOSY NMR.” Here, when estimating the molar mass of PbS-OA,
we include the mass of 130 oleic acid ligands attached to the surface of each QD.% From TEM done in previous
work we used a QD diameter of 3.4 + 0.3 nm.® By modelling the QD as a sphere and combining it with the bulk
density of PbS of 7.6 g/cm3,'% and 130 oleic acid ligands per QD, we calculate a molar mass of 130000 + 20000
g/mol. We use this value to convert between grams and moles of PbS quantum dots. There are more
sophisticated methods in the literature that take into account non-stochiometric ratios of Pb and S, however
we leave these methods to future work.?

3.2 QD Molar and Mass Attenuation Coefficient
Using a Imm cuvette with dilute solutions of TIPS-Tc, PbS-OA and PbS-TetCAL at 2 mg/mL in toluene the
absorbance spectra were measured on a Shimdzu UV-3600-Plus with integrating sphere (ISR-603 integrating
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sphere attachment). Starting from the known mass concentrations, the absorbance spectra and molar masses,
we estimate the molar attenuation coefficient via the Beer-Lambert law in the form,
A-M

=T .
Where € is the molar attenuation coefficient, A is the absorbance, [ is the path length, M is the molar mass
and p is the mass concentration. The obtained molar and mass absorption spectra are shown in figure S2 a
and b. At 400 nm we estimate molar absorption coefficient of roughly e~5 x 10° (L mol* cm™) for both OA
and TetCAL QDs, which is slightly lower than previously stated values of e~10 x 10° (L mol* cm™) for similar
QDs.M

Using the molar attenuation coefficients of TIPS-Tc and the QDs we calculate the fraction of absorbed photons
for each component as a function of wavelength. Figure S2.b shows the fraction of photons absorbed by the
TIPS-Tc molecules in a solution of TIPS-Tc (200 mg/mL) and PbS/TetCAL (100 mg/mL).
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Figure S 2: Molar (a) and mass (b) attenuation coefficients of TIPS-Tc, PbS-OA QDs and PbS-TetCAL QDs. (c) Predicted TIPS-Tc fractional
absorption in a solution of TIPS-Tc (200 mg/mL) and Pbs/TetCAL (100 mg/mL).

3.3 Laser Penetration Depth
Using the molar attenuation coefficient calculated from the absorbance measurement, we calculate, ép, the
penetration depth by,

5. = M
P epln (10)

For TIPS-Tc (200 mg/mL) under 535 nm excitation, € = 15200 L mol~tcm™?, and at 200 mg/mL we calculate
a penetration depth of 0.86 um. Adding PbS QDs at the concentrations used in this work, it is calculated to
have small effect on 6, reducing the penetration depth by less than 6% (Figure S3).
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Figure S 3. Calculated light penetration depth (535nm) for solutions of PbS/TetCAL QDs and TIPS-Tc (200 mg/mL). The values are
calculated from the measured attenuation coefficients.
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3.4 Calculation of the QD Parasitic Absorption

Absorption of light directly to QDs is considered parasitic, as the exciton multiplication step is absent, resulting
in sub-optimal performance of the underlying PV. This parasitic absorption has the largest effect at
wavelengths below the bandgap of the singlet fission material, where the QDs have non-negligible absorption
and are the exclusive absorbing material in the SF-PM.

An upper limit for this parasitic absorption in a “realistic” SF-PM implementation has been up at 5%. With the
condition that the SF-PM still be optically dense enough for the singlet fission material’s absorption to be
95%.2 Figure S4.a shows the absorbance spectrum for a solution of TIPS-Tc (200 mg/mL) and PbS/TetCAL QDs
(50 mg/mL) in a in house made micro cuvette. Fitting with the measured attenuation spectra (Figure S2) to
this reveals that the path length of the cuvette is 15 + 2 um. This illustrates that we can achieve path lengths
on the micron scale and that absorbance in our SF-PM is orders of magnitude higher in the singlet fission
material (535 nm) than in the parasitic QD absorption range (>560 nm). There exist methods for producing
solutions as thin as 2 um, we leave it to future work to demonstrate such thickness’ with a solution SF-PM. 1314
However, via calculation we find that a 2.5 pm thick solution would absorb 95% of the light at the TIPS-Tc
absorption peak and keep the QD parasitic absorption (>560 nm) less than 5% (figure S4.c and d).
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Figure S 4. a) Measured absorbance of a SF-PM solution (black) with 200 mg/mL of TIPS-Tc and 50 mg/mL of PbS/TetCAL QDs. Due to
the extremely high absorption at the TIPS-Tc absorption peak and the limited sensitivity of the measurement, the true value for the
TIPS-Tc absorbance peak is not captured (red dashed). The measured attenuation spectra of TIPS-Tc and PbS/TetCAL, combined at the
appropriate concentration and have been fitted (by linear regression) to the valid region of the measured absorbance spectrum. From
the known attenuation coefficient of TIPS-Tc we calculate the thickness of this “micro cuvette” as 15 + 2 um. b) Using the attenuation
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spectra for TIPS-Tc and PbS/TetCAL we calculate the attenuation spectrum for a 2.5 um thick, TIPS-Tc (200 mg/mL) and PbS/TetCAL
(50 mg/mL), singlet fission photon multiplier solution. From this we calculate the percentage absorption for this PM solution (c,d), and
show that the QD parasitic absorption, in the region below the singlet fission material absorption band (1 > 560 nm), is less than 5 %
(horizontal: dashed red). While the TIPS-Tc Absorption (535 nm) is as high as 95%.
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4 PLQE

Excitation

wavelength 515 nm 658 nm
QD Conc (mg/mL) 1 5 10 20 50 100 20
PbS/OA 0.0 1.1 2.0 3.1 10.1 9.9 19.2
PbS/TetCAL 0.6 12.0 13.8 16.7 18.2 16.0 14.6

Tabel S 1. IR PLQE values for solutions of TIPS-Tc (200 mg/mL) and QD’s of varying concentration, under 515 and 658 nm laser excitation.
The intrinsic QDs PLQE is taken as the IR PLQE under 658 nm excitation, in a solution of TIPS-Tc (200 mg/mL) and QDs (20 mg/mL). 515
and 658 nm IR PLQE values were measured under 500 uW,/cm? fluence.

The expected IR PLQE of the SF-PM solutions without exciton transfer is given by,

ugp(4d)

Nkrr=0 (/1) = Tep W.

Where 14 is the intrinsic PLQE of the QDs (658 nm excitation), y; is the attenuation coefficient base 10, of
the ith component. The measured molar attenuation coefficients and the intrinsic QDs PLQE are used to
calculate this “no transfer case” for the IR PLQE (Figure S5). This illustrates the minimum amount of IR PL that
will be observed in the solutions, values higher than this indicate exciton transfer.

Alternatively the exciton transfer efficiency, 01, can be calculated from,*

Npu (1)
prc(A) Nop

This explicitly gives the efficiency of exciton transfer from the TIPS-Tc to the QDs, in terms of the intrinsic QD
IR PLQE (658 nm excitation), the SF-PM IR PLQE (excitation at A) and the attenuation coefficients of the TIPS-
Tc and QDs.

nrr(D) = (,u-QD (D) + ure (/D) — Uop (/1)> .

30



a
i II L] L] mrrry II T T mrrrrr I —
| [~®—PbS/OA + Tips-Tc |
kTr =0
25 |- -
20 |- -
3\°/ 3 .
w15 -
g
_I b -
o
10 |- O—@ A
5 | -
I «— 1
0 IS G, | gl
1 10 100

QD concentration (mg/mL)

PLQE (%)

—— PbS/TetCAL + Tips-Tc
20 |- k=0 i
15 | //.\. -
10 | -
L /// i
////
5 4 -
0 L F/—.fuﬁul MR |
1 10 100

QD concentration (mg/mL)

Figure S 5: IR PLQE of TIPS-Tc (200 mg/mL) with (a) PbS/OA and (b) PbS/TetCAL solutions, under 515 nm excitation. The horizontal black
lines indicate the intrinsic IR PLQE of the QDs, measured under 658 nm excitation. The yellow lines indicate the expected PLQE for the
solution due to photon absorption directly to the QDs (no exciton transfer). The IR PLQE with 515 nm excitation, were measured under
500 uW/cm? fluence.

The observed drop in the IR PLQE values for the SF-PM solutions at high QD concentrations is assigned to self-
absorption losses. The drop in IR PLQE aligns with a red shifting of the QD’s PL peak, a sign of self-absorption

(Figure S6).1®
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Figure S 6: a) IR PL spectra of 10 (black) and 100 mg/mL (blue) PbS/TetCAL QDs with TIPS-Tc (200 mg/mL), under 515 nm excitation,
showing a red-shift in the PL for higher concentration of QDs. b) PL peak wavelength, with uncertainty, as measured by a Gaussian fit
to the IR PL, for both 515 and 658 nm excitation of solution of QDs with TIPS-Tc (200 mg/mL).
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5 Kinetic Modelling
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Figure S 7: Kinetic scheme illustrating some of the possible excited state process that could occur in a solution of TIPS-Tc and PbS QD
with TetCAL ligand.

By taking the basic kinetic scheme for singlet fission and including a variety of interactions with a PbS/TetCAL
QD we arrive at the kinetic scheme shown in figure S7.%7 These interactions include singlet exciton transfer
(SET) from the TIPS-Tc (ksgr) and TetCAL (k;sgr) to the QD excitated state Xy; triplet exciton transfer (TET) in
either direction between TIPS-Tc and TetCAL (kirgr, ), TetCAL and the PbS QD (ky7gr,) or directly between
TIPS-Tc and the PbS QD (k4rgr). The decay channels included are TIPS-Tc singlet radiative and non-radiative
decay (ks and kg _); PbS QD radiative and non-radiative decay (kx,_ and ky__) and TIPS-Tc excimer, TIPS-Tc
triplet, TetCAL triplet monomeric decay (kg, k+ and k7). Critically we take care to include TIPS-Tc triplet bi-
molecular decay via the k1, rate. Many of these processes have been shown to occur previously.»*” However,
this is not an exhaustive list of the possible processes.'® Analysis of the above scheme leads to the follow
system of differential equations,

as
d_tl = _(ksnr + ks + kSET)Sl — kgpSoS1 + kgsE + 1(Darc (1),

dE
FTi kgrSoSi + krpTE — (kpy + kg pr + kgs + ksp)E

dr,
T 2kspE + k_rgr, LTy + k_rgrSoXy — (kr + krgr, Xo + krgrXo)Ty — (kppa + 2kep)TE
dLS,
TR —kpsSLy — kiserSLy + I(Da, (1),
dLT, ,
ar krer, Ty + k_rgr,X1 — (ke + k_rgry, + krgr,)LTy — kprpaL T,
dx,  dX,
. da ksgrSy + kg, LTy + krgrXoT: + kisgrSLy — (kxnr + ky + k_rgr, + k—TETSO)Xl

+1(Dagp(A).

Where Sy, S4, E, Ty, LS, LTy, Xy and X, are respectively the density of the TIPS-Tc ground state, TIPS-Tc first
excited singlet state, TIPS-Tc excimer state, TIPS-Tc triplet state, TetCAL first excited singlet state, TetCAL
triplet state, PbS QD ground state and PbS QD excited state. I(1) is the density of photons absorbed by the
sample as a function of the excitation wavelength A and «; is the fraction absorbed by the ith component.
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In previous work it has been shown that the TIPS-Tc singlet decays within 100 ps in concentrated
solutions.'”*8 SET from TIPS-Tc to the PbS QD can occur during this initial decay of the singlet or from singlets
regenerated via triplet-triplet annihilation (TTA) in the TIPS-Tc. However, these two processes can be
distinguished via their characteristic fluence dependence. SET from the initial photo excitation singlet
exciton will occur at a constant efficiency determined by the branching ratio, ksgr/(ks, . + ks, + ksgr +
kgrSp), at all fluences. However, SET from TTA generated singlets will happen after 100 ps and will increase
superlinear with fluence, significant populations of excited singlet excitons only being regenerated at high
fluences. Later in section 8 we show that SET from the photon generated singlet is not efficient in this
system (< 5%) and so the dominant process occurring at low incident fluences for the TIPS-Tc singlet is
singlet fission.

We simplify the above kinetic scheme by applying the following constraints on the triplet transfer and singlet
fission processes. The QD band gap is chosen such that it is lower than the TIPS-Tc and TetCAL triplet
energies, making TET from the TIPS-Tc and TetCAL to the PbS QD energetically favourable over the reverse
process. The singlet fission process is negligibly affected by the addition of the QDs, production of the singlet
via TTA is excluded and SET from the TIPS-Tc singlet is inefficient. Exciton transfer is proceeding after singlet
fission has occurred, meaning singlet fission can be treated as a unidirectional process that instantaneously
produces triplets with a yield of nsg. Triplet transfer from the TIPS-Tc to the TetCAL ligand is slow compared
to transfer from the TetCAL ligand to the PbS QD, meaning krgr, is not the rate limiting step and so there is
negligibly population of the TetCAL triplet state during the transfer step. Any photo generated excitons on
the TetCAL ligand are transferred with unity efficiency to the PbS QD. This is justified by the effective
equivalence of the measured IR PLQE values of the PbS/TetCAL QDs when excited at wavelengths where the
TetCAL and QD absorb (515 nm) and where only the QD absorbs (658 nm), 14.2% and 14.6% respectively. In
previous reports, singlet fission has been reported to occur on the surface of PbS QDs in the TetCAL ligands,
we do not observed this with the QDs used in this work and assign the difference to a lower TetCAL surface
coverage resulting in weaker TetCAL-TetCAL interactions.’ Finally, we consider the the population of PbS
QDs excited states as a weak perturbation of the QD ground state population and so treat X, as a constant.

Under these simplifications the kinetic model can be expressed as three separable efficiencies, n5r, N7ET
and ngp, described by the following system of equations,

dTy )

o Nsel(Darc(A) — (kr + krerXo) Ty — ko T1

dX

d_tl = krerXoT1 — (kxnr + er)Xl +I(Dagps (D),
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Figure S 8: Simplified kinetic scheme, where the singlet fission and triplet transfer processes are assumed to be unidirectional.

6 Diffusion Limited Reactions

The rate of reaction between spices A and B for a diffusion limited process is given by,*°
kAB = 47'[(DA + DB)(RA + RB) .

Where D and R are the diffusion coefficient and radius of interaction for each component. Using this formula
we show below a variety of the calculated diffusion controlled reaction rates for our solution SF-PM system.
Here we take the diffusion coefficient for TIPS-Tc molecules in concentrated solution (200 mg/mL) as
5x 1071% m?st in toluene and the interaction radius as the radius of the molecule.” From Graham’s law of
diffusion we estimate that the diffusion coefficient of TIPS-Tc molecules is at least 10 times larger than for PbS
QDs, based on their relative molar masses. Thus, for the purpose of estimating the rate of triplet transfer we
can use the approximation of no QD diffusion.

Process A B Da (m?/s) | De(m?/s) | Ra+Rg(m) k (Lgtus?) [B] (mg/mL) | k[B](1/us)
Singlet Fission TIPS-Tc TIPS-Tc 5E-10 5E-10 1.2E-09 15 200 3100
Triplet Transfer TIPS-Tc | PbS/TetCAL 5E-10 0 2.95E-09 0.085 100 8.5

Tabel S 2: Collection of estimated bimolecular rate constants for singlet fission in TIPS-Tc and triplet exciton transfer from TIPS-Tc to
PbS/TetCAL QDs in solution. For particular concentrations of interest for our solution SF-PM we calculate the reaction rate, k[B]. The
corresponding measured singlet fission rate for TIPS-Tc was measured to be 14100 * 800 us™, indicating that the estimated rates are
of the correct order of magnitude.

7 Transient PL Kinetic Model

We consider a process that instantaneously produces B excited states at periodic interval T, which then
exponentially decay with time constant 7, the population of total excited states at time t can be expressed as,

t _r _2T 3T
J/(t)=B€_/T+Be T4+Be t +Be T + -

Collecting the summation we find,
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oo

y(t) = Be~/t|1+ Z exp (— g)

n=1

The summation is of geometric form and so the converges to,

St
] 1—e™* ex—1’
n=

for x > 0. Thus the population is given by,

— -t/T
y(t) = Be +eT/T_1.

Extending this to a bi-exponential decay process with times constants 7; and 7, gives,

y(t) — Ae_t/rl +L + Be_t/TZ +L
el/t —1 el/t2 — 1~
In the case that 74 is very fast, the limit T /t; = oo, we finally arrive at,
(t) ~ Ae™t/"1 + Be™t/"2 + _B
Y el/t2 —1°

We use this function was used to describe the QD IR transient PL. The 7, rate parameterise a fast decay of PL,
due possibly to auger recombination, while the longer 7, decay represents the PL decay of the QD including
population after triplet transfer. Fitting to the IR transient PL is achieved by least square fitting as shown in

figure S9.b and parameters shown in table S3.
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Figure S 9: a) Transient near-infrared photoluminescence counts for 10 mg/mL PbS/OA NCs (green) and PbS/TetCAL QDs (grey) in
toluene with 100 mg/mL TIPS-Tc, under excitation with 530 nm 300 pJ/cm?, 1 MHz reputition rate pump pulse. The black curve is the
counts collected from ambient background, for the same collection time without any sample present in the beam path. b) The kinetics
have been normalised to the maximum value after removal of a fixed value representative of contributions to camera counts from
ambient conditions. The laser pump timing has been aligned with t=0 ns, and thus counts before this time are residual counts from all
previous pump pulse. The fits to the transient kinetics (black) follow a parameterisation with a bi-exponential function, where the slower
exponential decay is summed over all previous pump pulses, representing an exponential decay in a periodic driven system.
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Sample T4 (ns) Ty (us)

PbS 40+1 1.300 + 0.005

PbS/TetCAL + TIPS-Tc 10+1 22+0.7

Tabel S 3: Transient near-infrared photoluminescence fitting parameters for 10 mg/mL PbS/OA NCs and PbS/TetCAL QDs in toluene
with 100 mg/mL TIPS-Tc, under excitation with 530 nm 300 pJ/cm?, 1 MHz reputition rate pump pulse.
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8 Transient Absorption

8.1 Femtosecond Transient Absorption
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Figure S 10: Femtosecond transient absorption map (a) and spectra (b) of ~100 micron thick TIPS-Tc solution (200 mg/mL). The sample
was excited with a 15 pJ/cm? pulse centred at 535 nm. We deconvolve the fsTA map into two kinetics (c) and spectra (d) in a global
analysis using the genetic algorithm. The kinetics were fit with a bi-exponential function to give a guide to the eye. We assign the
spectra to the singlet (initial state) and excimer (subsequent state).1’
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Figure S 11: a) Femtosecond transient absorption map of ~100 micron thick PbS/TetCAL (50 mg/mL) and TIPS-Tc (200 mg/mL) solution.
The sample was excited with a 15 puJ/cm? pulse centred at 535 nm. b) Comparison of the signal strength at 860 nm between TIPS-Tc
and PbS/TetCAL with TIPS-Tc. The kinetic fitting is achieved using a exponiential decay (capturing the singlet decay) with constant offset
(residual signal due to the excimer state). We deconvolve the fsTA map into two kinetics (c) and spectra (d) in a global analysis using a
genetic algorithm. The kinetics were fit with a bi-exponential function to give a guide to the eye. We assign the spectra to the singlet
(initial state) and excimer (subsequent state).

Because of the strong absorption of the QDs, the probe pulse is significantly weaker in the TIPS-Tc +
PbS/TetCAL solution at shorter wavelengths. This results in worse probe statistics at wavelengths below
700 nm compared with spectra of TIPS-Tc on its own. As a result, the spectral features like the TIPS-Tc’s singlet
stimulated emission (580 nm) and PIA (650 nm) appearing weaker as they have been masked noise. However,
the Singlet and Excimer features in the range 700-950 nm are still clear and allow for spectral deconvolution
of the two species.
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Time Constant (ps)
Solution Singlet PIA Decay
Tips-Tc 714
Tips-Tc + PbS/TetCAL 78+ 6

Tabel S 4: Femtosecond transient absorption measured decay rate of the TIPS-Tc singlet state. Decay rate obtained by fitting an
exponential decay with offset to the fsTA kinetics at 860 nm. Samples excited with 535 nm, fs pulses at 15 pJ/cm?.

8.1.1 Singlet Energy Transfer
The TIPS-Tc singlet decay rate for solutions of TIPS-Tc and TIPS-Tc + PbS/TetCAL is given respectively by,

kl = ksr + kSnT + kEFSO )
kz = kST + ks‘nr + kEFSO + kSET .
The efficiency of singlet energy transfer is given by,

Kser _ ka—kq

Nser =

- ’
SytKsprtKEFSo+kseT k2

with uncertainty Anggr = (%) (% + %) From the fitted fsTA TIPS-Tc singlet decay rates we find, k; =
2 1 1

1414+ 08ns™! and k, =12.8 + 1.0 ns™ 1. Therefore the efficiency of SET in a solution of TIPS-Tc

(200 mg/mL) and PbS/TetCAL (50 mg/mL) is nggr = —0.10 £ 0.15. Putting the upper bound on the singlet

transfer efficiency at 5% in this solution.

We observe a change in fsTA spectra that can be deconvolved by the genetic algorithm, to give spectra and
kinetics that agree with the formation of an subsequent excimer/triplet state with a ~100 ps time scale. After
the singlet decays the subsequent spectrum with PIA peak at 850 nm, is present at similar signal strengths, as
observed from the genetic algorithm’s deconvolution and the raw TA signal at times after 200 ps in figure
S11b, indicating that singlet fission is still occurring with similar yields with the PbS/TetCAL QDs present. The
insignificant change in singlet decay rate and similar intensities of the subsequent PIA spectrum, with and
without the Pbs/TetCAL, indicates that there is no effect on the singlet fission process.

Additionally we note that no spectral feature in the 550-950 nm range were assigned to changes in the
population of excited QD states. There is no sub 2 ns transfer to the QD, and so any population that the QD
have before 2 ns is a result of direct photo excitation.

8.2 Nanosecond Transient Absorption

8.2.1 TIPS-Tc Fluence Dependence
The decay of TIPS-Tc triplet density after generation by singlet fission can be expressed as,?°

d[T
= —halr) kol

The strength of the measured TIPS-Tc triplet photo induced absorption at 840-850 nm is proportional to the
AT
T
integration described by the area and the penetration depth of the pump beam. This results in a linear

total number of triplets present, < fV[T] dV. We assume a uniform triplet density in the volume of
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relationship between the measured triplet PIA strength and the TIPS-Tc triplet density, A?T = y[T]. Thus we
find,

d(AT/T)

= ~haT/T) ~ Ko aT/T)

where k3 = k,/x. We find y by measurement of the pump beam area and power, singlet fission yield (135%)
and absorbance of TIPS-Tc (giving the 535 nm laser penetration depth). The analytical solution to this
differential equation is,

(AT) ©) = (AT) 1-p

T)>7 \T Joexplkst) = B’

with B = a/(k; + @), and a = k', (AT—T) . Using globing fitting of this analytical function, to multiple triplet
0

decay kinetics at a range of fluences allows determination of the mono and bi-molecular decay rates (Figure
S12 and Table S5). From the decay rates the fraction of triplets that decay mono-molecularly, f;, and bi-
molecularly, f5, can be found using the following,*

_B-1
B

fi In(1-p),

p—1
B

We find that at the pump fluences achievable in this nsTA experiment, the fraction of triplet decaying bi-
molecularly is between 0.5 — 1, within uncertainty (Table S5). Most triplets are decaying bi-molecularly even
at the lowest measurable fluences.

fo=1-fi=1- In(1-8),

ATIT (10°%) b 12
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Figure S 12: a) Nanosecond transient absorption map of ~100 micron thick TIPS-Tc solution (200 mg/mL). The sample was excited with
a 168 u/cm? pulse centred at 535 nm. The normalised (b) and raw (c) nsTA signal strength at 840-850 nm for fluences from 25-200 uW
(21-168 pJ/cm?). Kinetics were fitted globally with an analytical function for a bi-molecular decay process.

Power | Pulse Power
(W) | (W/cm?) ki (1/ms) | K2 ((AT/T)" ns™) AT/T (0) [T] (1/cm®) k2 (cm*/ns) f2
25 21 56+£5.1 0.44 £0.02 2.2E-4 + 5.8E-6 0.9E18 7.6E-23 £+ 0.3E-23 | 0.83+£0.36
50 42 56t£5.1 0.44 £0.02 3.4E-4 £ 6.3E-6 1.8E18 7.6E-23 £+ 0.3E-23 | 0.88 £ 0.34
200 168 56+£5.1 0.44 £0.02 1.2E-3 £ 9.7E-6 7.2E18 7.6E-23 £ 0.3E-23 | 0.95+£0.35
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Tabel S 5: Nanosecond transient absorption fitting parameters for the TIPS-Tc triplet PIA (840-850 nm) of TIPS-Tc at 200 mg/mL.
Transient absorption bi-molecular decay rates are converted to triplet density bi-molecular decay rates by estimation of the initial triplet
density.

8.2.2 QD Transient Absorption
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Figure S 13: a) Average nanosecond transient absorption spectra for ~100 micron thick PbS/OA and PbS/TetCAL solutions (10 mg/mL).
The samples were excited with a 42 pJ/cm? pulse centred at 535 nm. b) corresponding transient absorption kinetics across the probe
range. The PbS/TetCAL kinetics were fit with bi-exponential functions.

The time constant extracted by global fitting for the decay of the PbS/TetCAL GSB is 1900 * 40 ns. In agreement
with the IR TCSPC measurement for the IR photoluminescence lifetime of PbS/TetCAL. The time constant
extracted for the additional PIA feature that we observe when exciting PbS/TetCAL at 535 nm is 68 + 5 ns. We
assign this to a PIA present due to excitation on the TetCAL because of direct excitation from the pump pulse.

41



8.2.3 QD Concentration Dependence
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Figure S 14: Nanosecond transient absorption maps for solutions of concentrated TIPS-Tc (200 mg/mL), with varying concentrations of
PbS/TetCAL QDs (0-100 mg/mL), with a 535 nm pump at 50 uW (42 p/cm?).

The presence of long lived triplet PIA features at 850 and 980 nm in solutions of TIPS-Tc + PbS/TetCAL at QD
concentration from 0 — 100 mg/mL is further indication that singlet fission continues as normal under the
addition of the QDs.
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Figure S 15: Nanosecond transient absorption maps for solutions of concentrated TIPS-Tc (200 mg/mL), with varying concentrations of
PbS/OA QDs (0-100 mg/mL), with a 535 nm pump at 50 uW (42 u/cm?).
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Figure S 16: a) Average nanosecond transient absorption spectra for ~100 micron thick TIPS-Tc (200 mg/mL), PbS/OA (100 mg/mL) with
TIPS-Tc (200 mg/mL) and PbS/TetCAL (100 mg/mL) with TIPS-Tc (200 mg/mL) solutions. The samples were excited with a 168 ul/cm?
pulse centred at 535 nm. b) Normalised average nanosecond transient absorption kinetics at the TIPS-Tc triplet PIA (840-850 nm) and
the PbS QD GSB (1140-1160 nm). The samples were excited with a 42 uJ/cm? pulse centred at 535 nm.

Comparison of the transient absorption spectra and kinetics for TIPS-Tc by itself along with PbS/OA and
PbS/TetCAL QDs, with a 535 nm pump at 50 uW (42 pw/cm?). The key features to note are the reduced lifetime
of the TIPS-Tc triplet PIA feature at 840-850 nm due to quenching from the PbS/TetCAL QDs and the increased
apparent lifetime of the PbS/TetCAL relative to the PbS/OA QDs due to transfer from the TIPS-Tc triplets.
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8.2.4 Removal of Initial QD Population

Earlier we showed that there is no transfer to the QDs within the first 2 ns. Here we extend that range to claim
that there is no significant difference in the QD dynamics within the first 100 ns with or without the TIPS-Tc
present (Figure S17). Therefore the initial TA signals showing QD features before 100 ns are due to direct
photo excitation.

To identify the transfer of excitons from the triplet state of the TIPS-Tc to the PbS/TetCAL QDs, we take the
difference of the transient absorption maps for the TIPS-Tc +PbS/TetCAL mixtures relative to the PbS/TetCAL
QDs on their own. To do this we assume that any QD GSB that is present initially (but after the singlet PIA in
the same region has decayed) is due to direct excitation from the 535 nm pump and thus will have a transient
absorption map that is identical to the PbS/TetCAL under 535 nm excitation on its own, and can be removed
from the transient absorption data of interest. To find this initial population of QDs that are directly excited
we take the QD GSB kinetics averaged in the region 1120-1160 nm for the QDs on their own and scale it such
that the value in the range 20-40 ns agrees with the GSB signal in the mixtures (Figure S17a). This method
assumes that no excitations are transferred before 20 ns, however this can be justified since the triplet
signatures do not decay significantly even after 100 ns and so no significant amount of triplet excitons could
have transferred before this time (Figure S16b).
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Figure S 17: a) Nanosecond transient absorption kinetics at 1140-1160 nm for solutions of TIPS-Tc (200 mg/mL) and PbS/TetCAL at
varying concentrations under 42 p/cm? 535 nm excitation (black curves). Subsequently, the 1140-1160 nm kinetic for PbS/TetCAL
alone(10 mg/mL), under the same excitation, is scaled such that they overlap during the time period 20-40 ns. b) Corresponding
nanosecond transient absorption spectra for PbS/TetCAL (10 mg/mL) and PbS/TetCAl (100 mg/mL) with TIPS-Tc (200 mg/mL), averaged
over 100-200 ns and normalised to the QD’s GSB strength. The difference between the two spectra matches the spectral features of the
TIPS-Tc triplet spectrum, indicating that at this time the only species present are the excited QD state and the TIPS-Tc triplet state. c)
The scaling factors used to overlay the PbS/TetCAL GSB signal with the signal present in the solution SF-PM samples. A linear function
was fit to the scaling factors for concentrations from 10-50 mg/mL. The 100 mg/mL data point appears to be an outliner to this linear
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fit. This is possibly due to variation in the probe-pump overlap between measurements, resulting in a lower measured signal than
expected.
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8.2.5 Transient Absorption Difference Maps
The scaling factors obtained previously are used to calculate the full difference maps between TIPS-Tc +

PbS/TetCAL and PbS/TetCAL, under 535 nm excitation (Figure S18).
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Figure S 18: Nanosecond transient absorption difference maps (relative to PbS/TetCAL QDs) for solutions of concentrated TIPS-Tc
(200 mg/mL), with varying concentrations of PbS/TetCAL QDs (0-100 mg/mL), with a 535 nm pump at 42 pJ/cm?2.
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Figure S 19: Nanosecond transient absorption difference kinetics at the PbS QD GSB, 1140-1160 nm (a) and TIPS-Tc triplet PIA 860-
850 nm (b) (relative PbS/TetCAL QDs) for solutions of concentrated TIPS-Tc (200 mg/mL), with varying concentrations of PbS/TetCAL
QDs (10-100 mg/mL), with a 535 nm pump at 42 pul/cm?2.

8.2.6 Triplet Quenching

Using linear regression the kinetics of the TIPS-Tc triplet were isolated from the signatures of the other species,
for the TIPS-Tc + PbS/TetCAL solutions. This was done using transient absorption spectra for the TIPS-Tc triplet
(1 ps spectrum, just TIPS-Tc), singlet/excimer (from fitting the remain spectral component in the TIPS-Tc TA
map, in the genetic algorithm with the triplet spectrum as a reference) and PbS/TetCAL excited QD state
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(400 ns spectrum, PbS/TetCAL, 535 nm excitation), to reconstruct the observed transient absorption maps via
linear regression, solving for the kinetics associated with these spectra (Figure S20a).

We approximate the triplet bi-molecular decay rate as constant with respect to changes in the QD
concentration. This relies on the QDs having little effect on the volume which the triplets occupy and the triplet
diffusion constant. Using the bi-molecular rate constant calculated from TIPS-Tc under 535 nm excitation
(Table S5), we apple a global fit to the decay of the triplet population for PbS/TetCAL QD concentration from
0-100 mg/mL (Figure S20b). This allows us to extraction of the mono-molecular decay rate as a function of QD
concentration. Following a Stern-Volmer like analysis, where the rate of transfer is proportional to the
concentration of QDs in the ground state (equivalent to the concentration of QDs in this case as we are in a
low excitation regime) (Figure S20c). This allows fitting of the following function,

ky = kr + krgr[QD],
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Figure S 20:Normalised nanosecond transient absorption spectra used to deconvolve the TIPS-Tc with PbS/TetCAL nanosecond transient
absorbed difference maps. The PbS/TetCAL spectrum (black) is the spectrum 100-200 ns after 535 nm excitation. The excimer (red) and
triplet (blue) spectra were obtained via global analysis using the genetic algorithm on nanosecond transient absorption of TIPS-Tc
(200 mg/mL) under 535 nm pulsed excitation. b) Normalised triplet spectral component from deconvolution via linear regression for
PbS/TetCAL QD concentratiosn from 0 to 100 mg/mL, 42 uJ/cm? excitation. Triplet decay kinetics were fitted globally with an analytical
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function for a bi-molecular decay process. The bi-molecular decay rate was fixed as the value obtained for TIPS-Tc on its own and the
mono-molecular rate to varying between samples. c) The obtained mono-molecular TIPS-Tc triplet decay rate as a function of
PbS/TetCAL QD concentration (black dots), with error bars representing 95% confidence bounds from fitting of the triplet decay kinetics.
The relationship between mono-molecular TIPS-Tc triplet decay and PbS/TetCAL QD concentration is in agreement with a linear fit (red
line, 95% confidence bound represented as the red shaded region) with slope 0.0039 + 0.0001 (mg/mL)us™ and intercept 0.0035 +
0.0032 us™.

From previous diffusivity measurements and estimates of the interaction distance and the molar mass of the
QD we predict a bi-molecular transfer rate of 0.085 (mg/mL)? ps?, which is higher than the 0.0039 +
0.0001 (mg/mL)tus? (5.1x108 + 0.1x10% Mt s ) obtained from the quenching of the triplet PIA. However, the
data is well described by a Stern-Volmer-like quenching, indicating the transfer is diffusion limited. This
indicates that not every collision between a triplet exciton on a TIPS-Tc molecule and the surface of the
PbS/TetCAL QD is resulting in a successful triplet transfer event. Possible explanations for this include non-
uniform coverage of the TetCAL ligand over the surface of the PbS QD or residual OA ligands inducing steric
hindrance.
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Figure S 21: Measured TIPS-Tc triplet decay rate as a function of PbS/TetCAL QD concentration, with error bars representing 95%
confidence bounds from fitting of the triplet decay kinetics (black dots) and a linear fit (red line). Predicted triplet decay rate due to
PbS/TetCAL and TIPS-Tc diffusion limited bi-molecular interaction rate, as calculated in section 6.

Figure S 22: Illustration showing the possibly non-uniform coverage of TetCAL and OA ligands surrounding the PbS QD (left). Any
remaining OA ligands attached to the surface of the PbS QD may sterically hinder the interaction between free TIPS-Tc molecules in
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solution and the TetCAL ligand attached to the PbS QD. Analogous model where only interaction events with attack angle 6 less than
6, collide with the active surface area (green).

8.2.7 Analysis of Triplet Decay Parameterisation
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Figure S 23: Nanosecond transient absorption fitting parameters for the TIPS-Tc triplet PIA (840-850 nm) of TIPS-Tc (200 mg/mL) and
varying concentrations of PbS/TetCAL QDs (0-100 mg/mL), excited at 535 nm with 42 u/cm? (50 uW). (black circles) The fraction of
TIPS-Tc triplet excitons that decay bi-molecularly (a), mono-molecularly (b), mono-molecular branching ratio (c) and fraction of triplet
excitons that are quenched by transfer to the PbS/TetCAL QDs (d), as functions of PbS/TetCAL QD concentration. Error bars are
calculated via propagation of uncertainties arising from the 95% confidence bounds for the fitted parameters. From the bi-molecular
TIPS-Tc triplet and PbS/TetCAL QD transfer rate, 0.0039 + 0.0001 (mg/mL)*us™, we calculate the same parameters in a-d, as continuous
functions of the QD concentration, for the pump power used in the nanosecond transient absorption experiment (50 uW) (red lines).
Using the obtained triplet transfer and decay parameters we simulate the fraction of triplet excitons that are quenched by transfer to
the PbS/TetCAL QDs as functions of PbS/TetCAL QD concentration, for pump powers 1, 5, 10, 25, 200 uW (dark to light blue lines).
Transient absorption signals at these lower pump powers are beyond our current experimentally reachable signal-to-noise. At
simulated, low pump powers, the fraction of triplets transferred to the PbS/TetCAL QDs trends to 100%, for a QD concentration of
50 mg/mL.
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From the obtained TIPS-Tc triplet transfer and decay parameters, along with the intrinsic PbS/TetCAL QD
excited state lifetime, we have all parameters for the differential equations that describe the triplet and QD
time-dependent populations after singlet fission,

dT;

E = _(kT + kTETXO)Tl - k2T12 ’

dX;

dt = krerXoTy — kxX1 .
The equation for the triplet population has an analytical solution as described earlier. This solution
for T;(t) can be substituted into the differential equation for the QD population. There exists an
analytical solution to the aforementioned differential equation in terms of hypergeometric functions.
However, to avoid the complexities of dealing with these intricate functions, we solve for the time-
dependent QD population using numerical techniques. To illustrate the effect of bi-molecular TIPS-
Tc triplet decay we simulate the triplet and QD populations with and without bi-molecular decay
(figure S24 a and b).
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Figure S 24: Simulation of the triplet (red) and QD populations (blue) with and without bi-molecular decay (a and b) for varying
concentration of PbS/TetCAL QDs. Simulated populations are calculated using the experimentally obtained kinetic parameters and

50



excitation of 535 nm 42 uJ/cm?. c) Comparison of the predicted QD population with (solid lines) and without (dashed lines) triplet bi-
molecular decay. d) Predicted QD populations (with all parameters included) scaled to overlay with the measured nanosecond transient
absorption difference kinetics at the PbS/TetCAL QD GSB (1140-1160 nm).

Fluence dependence for the difference kinetics for TIPS-Tc (200 mg/mL) + PbS/TetCAL (100 mg/mL). The
higher QD population at higher fluence is observed as expected. Along with a fast triplet decay due to
increased bi-molecular decay. Simulated QD population for the 200 uyW pump pumper relative to the lower
50 uW pump power is in reasonable agreement with the observed dot GSB data in A. However the simulated
triplet population for the 200 uW kinetic does not decay as rapidly as the measured TA kinetic. This could
indicate that the TIPS-Tc triplet bi-molecular recombination rate is higher in samples with high QD loading
compared to TiPS-Tc on its own.

As expected a higher pump fluence results in a higher QD population, along with a faster triplet decay due to
increased bi-molecular decay (Figure S25 a and b). Simulated population dynamics for the 200 pyW pump
pumper relative to the lower 50 uW pump power is in reasonable agreement with the observed dynamics
(Figure S25 c and b). However, the simulated triplet population for the 200 uW kinetic does not decay as
rapidly as the measured TA kinetic.
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Figure S 25: Fluence dependence for the nanosecond transient absorption difference kinetics for the PbS/TetCAL QD GSB (1140-
1160 nm) (a) and TIPS-Tc triplet PIA (840-850 nm) for TIPS-Tc (200 mg/mL) with PbS/TetCAL (100 mg/mL) excited at 42 (black) and 168
(red) w/cm?. The corresponding simulated QD (c) and triplet (d) populations.
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9 Solar- Equivalent Fluence
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Figure S 26: Calculation of the available spectral irradiance and photon flux from the far UV (280 nm) to the absorption tail of TIPS-Tc
(560 nm). a) The spectral irradiance of the AM1.5g solar spectrum, with the available solar flux calculated by the integration from the
range 280 —560 nm. b) The solar photon flux, with the available photon flux calculated by the integration from the range 280 — 560 nm.

For comparison to steady state PL measurements we calculate the laser fluence required, with 532 nm
excitation, for an equivalent photon flux to that available (280-560 nm) under AM1.5g irradiance.?! For the
available photon flux of 3.67 X 10%° s'm, the equivalent 532 nm laser fluence is 13700 uW/cm?.

10 Steady State Modelling

Starting from the differential equation for the triplet population,

dr ,
E = _(kT + kTET)T - sz + G ’

where G is the rate of triplet generation from singlets undergoing singlet fission. After rearrangement under
steady state conditions one arrives at the polynomial,

szz + (kT + kTET)T - G = 0 .

Solving for positive T leads to,

_ kr + krgr N (kT + kTET)2 n E
2k, 2k, k,’

krerT

The triplet transfer efficiency is given by nrgr = . Substituting the above expression for T gives,

_ krgr (kT + kTET)Z " £ _ kr + krgr
rEr =74 2k, k, 2k,

Under steady state conditions the rate of IR PL emission from the solution SF-PM can be expressed as PLyp =
¢GnrerNop. Where ¢ represents the PL collection factor and 74, is the QD PL efficiency. This expression can
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2
kr+kreT
kZI

be approximated in the regimes of low and high triplet generation rate as follows. When ¢ « ( o
2

the IR PL from triplet transfer trends to,

krgr
PLyp = ¢77QD —kT ¥ kpgr

2
While at high triplet generation rates, G > (%) k174, the IR PL trends to,
2

G
PLop = ¢ngpkrer k_z

The intersection of these to regimes represents the threshold triplet generation and corresponding the
incident photon flux, above which triplet exciton transfer and triplet monomolecular decay are no longer
competitive with triplet bi-molecular decay. This threshold triplet generation rate, given by the intercept of
the trends at low and high G is given by,

_ (kr + krpr)®
Th =" -
k

While the threshold photon absorption rate in the TIPS-Tc is given by Iz, = Grp /7. At the threshold
generation rate Gy, the triplet transfer efficiency is given by,

Nrer = 2_ % % = 0.618 X N7 -

Where nrgr o is the triplet transfer efficiency in the low G regime. This indicates that although Gry, is useful
for indicating when bi-molecular processes are competitive with mono-molecular triplet decay process, it is
not a useful criteria for solution SF-PM design. For example, a valuable criteria might be, what is the generation
rate at which the triplet transfer efficiency is given nrgr = @ X n1gr,0? In this case the a threshold generation
rate is given by,

(1—6{) y (kg + krgr)? _ (1—0(

Ga = a? k, a? )XGTh'

However, this criteria does not grantee high performance of the SF-PM. Ideally what is required is a criteria at
which the triplet exciton transfer efficiency is a given value . The [ generation rate for which this is true is
given by,

k2 kr+k
Gy = TET (1 _okr TET) .

kB

This gives a relationship between the QD concentration dependent triplet transfer rate, krgr, and the

kTET

maximum triplet generation rate, Gg, such that the triplet transfer efficiency is at least the fraction .
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Simulation of triplet transfer efficiencies under steady state conditions are calculated via the parameters
extracted from the transient measurements for the bi-molecular decay of the TIPS-Tc triplets, under 535 nm
excitation (Figures S27, S28 and S29).
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Figure S 27: Simulated triplet transfer efficiencies using the equations for the triplet transfer efficiency for various PbS/TetCAL QD
concentrations (a) and incident fluences (b). The vertical dashed black line indicates the laser fluence used in the IR PLQE measurements
(500 uW/cm?), while the red dashed line indicates the equivalent solar fluences (13.7 mW/cm?). c) Predicted triplet transfer efficiency
at the photon flux used for the IR PLQE measurements, using the extracted triplet transfer and decay rates. The shaded region
represents the uncertainty in the triplet transfer efficiency based on propagation of uncertainties form the triplet decay rates.
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Figure S 28: Simulated steady state SF-PM response. a) Simulated steady IR PL (which is proportional to nrgr X (power flux)) for
solution of TIPS-Tc (200 mg/mL) and PbS/TetCAL (1-100 mg/mL). The low and high triplet generation density, asymptotic forms for the
triplet transfer efficiency (with slope 1 and 0.5) were overlaid for the case of 1 mg/mL of PbS/TetCAL. b) Predicted threshold intensities,
Grp, Gg and Gyt as function of the PbS/TetCAL concentration (a = 8 = 0.95). The equivalent solar flux available for absorption by
TIPS-Tc under the AM1.5g spectrum (red horizontal dashed line). c) Simulation of the solution phase SF-PM efficiency normalised by the
PbS/TetCAL QD intrinsic PLQE, under 532 nm excitation. Including the drop in PLQE due to photons absorbed directly to the PbS/TetCAL
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QD. Two contours of interest are highlight; the region in which the PM efficiency is larger than the QD PL efficiency nao (black) and
when PM efficiency is 95% of the upper limit for PM efficiency given by the singlet fission yield (purple line). The equivalent solar flux
available for absorption by TIPS-Tc under the AM1.5g spectrum (red horizontal dashed line).
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Figure S 29: Simulations of the SF-PM efficiency normalised by the PbS/TetCAL QD intrinsic PLQE, under 532 nm excitation. a) triplet
kinetics and singlet fission yield (135%) as experientially observed. Prediction of the SF-PM efficiency for singlet fission yield of 200%,
with the triplet kinetics as measured (b) and for triplet transfer at the expected diffusion limited rate (c). Points at which the normalised
photon multiplication efficiency are unity (black dashed line) and 190% (purple dashed line). d) Simulated photon multiplication
normalised efficiency at effective solar fluence (13.7 mW/cm?).

11 Steady State IR PL

We use PL/Power as a measure of relative PLQE. For the solutions with TIPS-Tc (200 mg/mL) and 2 mg/mL of
PbS/TetCAL QDs, PL/Power drops off at a rate, with respect to the power flux, close to the predicted (Figure
S30b). The relative IR PLQE for the solution with 100 mg/mL of PbS/TetCAL QDs is unchanged below the solar-
equivilent fluence. However, the relative PLQE does start decreasing at lower powers than expected. The drop
in PL for 100 mg/mL of dots at high power flux is larger than expected from the bi-molecular decay of the TIPS-
Tc triplets. This could be an indication of photo bleaching of the TIPS-Tc or non-radiative decay in the QD.
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Figure S 30: a) Total IR PL counts from PbS/TetCAL QDs for solutions of low (2 mg/mL, blue circles) and high (100 mg/mL, black squares)
QD concentration with TIPS-Tc (200 mg/mL) for varying 532 nm excitation flux. The PL counts were fit with power law relations to laser
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flux, either across the entire flux range (100 mg/mL) or separated into two fits (2 mg/mL), for low and high photon flux. The intercept
of the fits to the low and high flux regimes gives as 2.9 + 1.0 mW/cm? as the threshold power flux (blue vertical dashed line). b) IR PL
normalised by the incident power flux, giving the relative PL yield, as a function of the incident power flux (black and blue dots).
Simulated triplet transfer efficiencies using the equations for the triplet transfer efficiency for 2 mg/mL (blue line) and 100 mg/mL (black
line) PbS/TetCAL QD concentrations. The vertical dashed black line indicates the laser fluence used in the IR PLQE measurements
(500 uW/cm?), while the red dashed line indicates the equivalent solar fluences (13.7 mW/cm?).

12 Magnetic Field Dependent PL

The TIPS-Tc singlet shows an increased PL on application of high magnetic fields (>0.3 T), as expected for a
singlet undergoing are singlet fission (figure S31). While, the PbS/TetCAL IR PL shows a corresponding
decrease, indicating that the excited QD states are the result of triplets generated by singlet fission,
transferred from the TIPS-Tc.*!° Direct excitation of the PbS/TetCAL QD with 658 nm laser light results in no
observed magnetic dependence (for fields less than 0.5 T), similar to previous observations.**
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Figure S 31: Percentage change in the QD (red and blue circles) and TIPS-Tc (purple squares) PL, for solutions of TIPS-Tc (200 mg/mL)
and PbS/TetCAL (100 mg/mL). QD emission resulting from triplet transfer from TIPS-Tc after excitation with 520 nm laser light (blue
circles) drops on application of a high magnetic field (>0.3 T). Whereas, PL from the TIPS-Tc increases with large applied magnetic fields
(purple squares). Direct excitation of the QD, with 658 nm laser light, results in no effect with applied magnetic field (red squares).
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