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Abstract  

Singlet exciton fission allows for the generation of two triplet excitons for each photon 

absorbed within an organic semiconductor. Efficient harvesting of these triplets could allow 

for the Shockley-Queisser limit on the power conversion efficiency of single-junction 

photovoltaics to be broken. Here, we show that singlet fission molecules bound directly to 

PbS quantum dots as ligands can undergo singlet fission with near unity efficiency and can 

transfer triplets sequentially into the PbS with near unity efficiency. Within the PbS the 

excitations recombine, giving rise of the emission of photons. This allows for the doubling of 

the quantum dot photoluminescence quantum efficiency when photons are absorbed by the 

singlet fission ligand, as compared to when directly absorbed in the quantum dot. Our 

approach demonstrates that it is possible to convert the exciton multiplication process of 

singlet fission into a photon multiplication process and provides a new path to harness singlet 

fission with photovoltaics.  

 

Table of Contents Figure: Singlet fission and triplet transfer to pbs quantum dots in tips-
tetracene carboxylic acid ligands 
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Singlet fission (SF) is an exciton multiplication process which occurs in some organic 

semiconductors, where the initially photogenerated singlet exciton (S1) can convert to an 

entangled triplet pair (TT state), which then breaks up to form two free triplet excitons (2T1) 

on neighbouring chromophores1–3. Thus, in an efficient SF material each absorbed photon 

produces two electron-hole pairs.  

SF has attracted great interest recently as a means to circumvent the Shockley-Queisser limit 

on the power conversion efficiency of single-junction photovoltaics (PVs)4,5. This is because 

SF allows for the generation of two electron-hole pairs from high-energy photons absorbed 

in the SF material, which is then paired with a low-bandgap material which absorbs low-

energy photons generating one electron-hole pair. Thus, thermalisation losses could be 

greatly reduced and the efficiency limit on a single-junction PV could be lifted from 33% to 

44%, as has been described in detail elsewhere3,6.  

SF has been implemented with many types of PV devices and has been demonstrated to 

enhance photocurrent in organic solar cells7, organic/nanocrystal hybrid solar cells8 as well as 

a parallel tandem silicon/pentacene solar cell9. However, these designs are limited by the 

need to dissociate triplet excitons into free electrons and holes, a process that comes with 

significant losses3. Recently, we have proposed an alternative method to harvest SF to 

enhance PV efficiencies3. This proposal is based on the discovery that it is possible to 

efficiently transfer the energy of triplet excitons into inorganic colloidal quantum dots (QDs), 

such as PbS10 and PbSe11. This allows the luminescent harvesting of triplet excitons and leads 

to the concept of the Singlet Fission Photon Multiplier, which consists of a film of SF molecules 

doped with QDs. Photon absorption leads to the formation of singlet excitons (S1) in the SF 

material which then undergo fission to form free triplets (T1). These triplets then diffuse 

within the film until they encounter a QD into which their energy can be transferred. Once 

the energy is transferred into the QD, radiative recombination can occur, emitting a low-

energy photon which can then be directed into a conventional inorganic PV, such as Si. Thus, 

the triplet excitons are radiatively harvested, converting an exciton multiplication process 

into a photon multiplication process. Full details of the Singlet Fission Photon Multiplier and 

its advantages over other potential routes to breaking the Shockley-Queisser limit are 

highlighted in a recent review3.   

The quantum efficiency of a singlet fission photon multiplication process (ηPM) is determined 

by the quantum efficiencies of four steps, the efficiency of SF (ηSF), the efficiency of triplet 

diffusion from the SF material to the QDs vicinity (ηTD), the efficiency of triplet transfer from 

the SF material into the QDs (ηTT) and the efficiency of light emission from the QDs (ηPL),  

ηPM = ηSF . ηTD . ηTT . ηPL  .                                                      (1) 

In the ideal case, ηPM = 200%, with each high-energy photon absorbed in the SF material giving 

rise to the emission of two low-energy photons from the QDs. 

The challenge in achieving this goal is to simultaneously maximise the efficiency of each step 

in the process. For instance, SF yields are known to be highly sensitive to molecular packing12, 

as is triplet diffusion12, but these need to be optimised in the presence of the QDs, which 

might disrupt the packing of the chromophores. Similarly, the triplet excitons need to diffuse 
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close (<1nm) to the QDs in order to undergo energy transfer into them via short-range Dexter-

type energy transfer10,13,14. So, the interface between the SF molecules and the QD needs to 

be carefully engineered, yet at the same time the SF molecules near the nanocrystal must still 

be capable of undergoing SF. Previously, efficient triplet transfer into QDs has been achieved 

via the use of short-chained ligands such as benzenedithiol 10,13,14. However, these ligands to 

do not adequately passivate the QDs surface, leading to poor luminescence efficiency.  

Organic semiconductors, such as acenes, have previously been attached directly to QDs to act 

as triplet acceptors15–17. Here, excitation of the QD with low-energy photons produces an 

exciton in the QD, but does not excite the organic ligand. The energy of the QD is chosen such 

that it lies above the triplet energy on the organic ligand thus facilitating efficient triplet 

energy transfer from the QD into the ligand. This strategy has proved very effective in QD-

organic hybrid upconversion systems, allowing for the efficient extraction of triplets from QDs 

via suitable ligands 15–19.  

A similar strategy might be adopted to channel triplets from the organic semiconductor into 

the QDs, as laid out in Figure 1. However, a priori one would not expect SF materials attached 

as ligands to QDs to be capable of efficient fission, as it is unlikely that they would adopt the 

appropriate molecular packing for the efficient formation and subsequent dissociation of TT 

states, both of which are highly sensitive to intermolecular configuration2,12,20. Furthermore, 

even if two triplet states were formed on the ligands, in order for them to be harvested 

efficiently they must be injected sequentially into the QD, as the injection of both triplets 

simultaneously would lead to a biexciton with poor luminescence yield. Hence, the first triplet 

must be injected into the QD where it recombines radiatively leading to photon emission, 

while the other triplet must remain on the ligands without recombining non-radiatively or 

being quenched by surface defects on the QDs. Following the emission of the first photon 

from the QD the second triplet must be injected into the QD where it can recombine 

radiatively. At first glance, this would appear to be a very challenging set of requirements to 

achieve. 

Here, we show that SF molecules bound directly to QD as ligands can undergo singlet fission 

with near unity efficiency and can transfer triplets sequentially into the QD with near unity 

efficiency. This allows for the doubling of the QD photoluminescence quantum efficiency 

when photons are absorbed by the singlet fission ligand, as compared to when directly 

absorbed in the QD.      

 
As a proof of concept experiment we employ a carboxylic-acid-functionalised TIPS-tetracene 

ligand 6,11-bis((triisopropylsilyl)ethynyl)tetracene-2-carboxylic acid), referred to as TetCAL, 

attached to PbS QDs. The singlet fission dynamics of TIPS-tetracene have been extensively 

studied both in solution and in the solid state. Fission in this system is endothermic by around 

200 - 300 meV and the breakup of TT states into free triplets is highly sensitive to crystal 

packing. The spectroscopic signatures of the various excited states in this system are also well 

studied1,21. Figure 1 illustrates the QD with TetCAL ligands and the various photophysical 

processes that must occur for efficient harvesting of the singlet fission process.   
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Figure 1: Schematic of the PbS – Tet system with the TetCAL singlet fission ligands on the 
surface of the PbS QD and energy level diagram of the tetracene/PbS nanocrystal interface. 
We propose that the system functions as follows: (1) photon absorption leads to the 
formation of singlet excitons on the ligands (≈ 1 ps), (2) singlet fission leads to the formation 
of triplet excitons on neighbouring ligands( ≈ 5 ns), one of which is then injected to the PbS 
(≈ 50 ns) , (3) the first excitation recombines in the PbS leading to photon emission, (4) the 
other triplet then transfers into the PbS (≈ 5 µs), and (5) the second excitation recombines in 
the PbS leading to photon emission. 

 

Figure 2a shows the absorption and emission spectra of the PbS QDs with the native oleic acid 

(referred to as PbS-OA) ligands and those modified with the TetCAL ligand (referred to as PbS-

tet). The PbS QDs have a bandgap of 0.93 eV and show a strong excitonic absorption feature 

around 1150 nm with absorption extending into the blue and peak photoluminescence (PL) 

at ≈ 1275 nm. The native oleic acid ligands were displaced via the addition of TetCAL in 

toluene as described in the methods section. We note that the purification steps were 

repeated until there was no free ligand detectable in the washing solution, ensuring that all 

measured TetCAL was attached to the QDs. The absorption features associated with the 

TetCAL ligand can clearly be seen at high energies. The absorption spectra of PbS – tet was 

found to be a liner combination of the TetCal and the initial PbS QDs spectra, implying no 

change to the optical properties of the PbS QDs (SI Figure 1). Upon ligand exchange the QDs 

remain structurally the same, as determined via size distributions measured with 

transmission electron microscopy (TEM) (SI Figures S2 and S3). Although there is no shift in 

the PL spectra the photoluminescence quantum efficiency (PLQE) of the QDs (measured with 

excitation at 785nm) decreases from 35% to 9% following the ligand exchange from the native 

oleic acid ligands to TetCAL ligands. 
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QD surface ligand density was calculated using the absorbance spectra of a known 

concentration of PbS-Tet in toluene and the molar extinction coefficient of TetCAL (SI Figure 

4) and found to be 1.06 ligands per nm2, when approximating the QD to the spherical. This is 

less than the ligand density expected from native oleic acid ligands (OA), which was found to 

be between 3.0 per nm2 in PbS QDs22. This lowering of ligand density may result in 

unpassivated surface sites on the PbS QDs, leading to the observed lowering of PLQE. 

Figure 2b shows the excitation spectrum of PbS-tet along with its absorption spectrum. The 

excitation spectrum is measured by monitoring the PL at 1250nm while scanning the 

excitation wavelength. A clear contribution from TetCAL absorption features can be detected 

at higher wavelengths. This proves that energy absorbed into the TetCAL ligand is transferred 

into the QDs where it leads to emission.     

 

 

Figure 2: (a) Absorption and photoluminescence spectra of PbS QDs with oleic acid ligands 
(PbS-OA) and PbS QDs with TetCAL (PbS–Tet). (b) Absorbance and photoluminescence 
excitation spectra for PbS–Tet. The excitation spectrum is measured at an emission 
wavelength of 1250 nm. The discontinuity in the PbS – Tet Excitation spectra is a deletion of 
the signal resulting from the second harmonic interaction of ≈ 625 nm in our monochromator 
being registered as 1250 nm emission. 

 

Figure 3 shows the PLQE of the PbS-tet QDs when excited at 785 nm and 532 nm. At 785 nm 

photons are absorbed only in the PbS and a PLQE of 9% is recorded. At 532 nm, photons are 

primarily absorbed into the TetCAL ligand as this corresponds to the peak of ligand absorption 

(see Figure 2a). The PLQE with 532 nm excitation is 17%, nearly double that with 785 nm 

excitation. We see no fluorescence or phosphoresces from the TetCAL in our systems under 

532 nm excitation (SI Figure 5). The emission of the ligands is completely quenched by the 

singlet fission process. Unlike solid state films of tetracene based molecules, no delayed PL is 

observed, showing that triplets cannot fuse back to the emissive singlet. Taken together, this 

further adds to the evidence for very efficient SF and triplet transfer. As a control, the PLQE 

of the PbS-OA QDs was measured and found to be 35% with both 785 nm and 532 nm 
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excitation (SI Figure 6). The doubling of the PLQE in the PbS-tet QDs when the TetCAL ligands 

are excited suggests that efficient singlet fission and triplet energy transfer are occurring in 

this system.  

 

 

Figure 3:  PLQE and PL spectrum of PbS-Tet excited at 532 nm and 785 nm. At 785 nm photons 

are absorbed only in the PbS and at 532 nm photons are absorbed mainly in the TetCAL 

ligands. We note that the PLQE measurements presented at absolute values and take into 

account any changes in absorption and scattering between the different excitation 

wavelengths.   

 

Figure 4a shows the transient photoluminescence (PL) dynamics of the PbS in the PbS-tet 

system, measured via time-correlated single-photon counting (TCSPC). When excited at 

650 nm, where only the PbS absorbs, the PL decays with a lifetime of 1.4 µs. When excited at 

530nm where the TetCAL ligand strongly absorbs the PL decays with a lifetime of 1.8 µs. The 

measured decays are independent of emission wavelength.  We ascribe the increased QD PL 

lifetime following ligand excitation to the transfer of long-lived triplets from the TetCAL to the 

PbS nanocrystal. This agrees with similar results reported in PbS QD/tetracene bilayers10. No 

such variation of lifetime with excitation wavelength was seen in PbS-OA QDs (see SI). The 

inset in figure 4a plots the difference in the PL kinetics at early times when the PbS-tet is 

excited at 530nm vs 650nm. As can be seen, a rise in PL is detected (within the differential PL 

signal) with a time constant of 60ns, indicative of energy transfer into the PbS on this time 

scale. This timescale is comparable to previous work reported in PbS QD/tetracene bilayers10. 
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Figure 4b shows transient absorption (TA) spectra of the PbS-tet QDs following 

photoexcitation at 532 nm. Full details of TA measurement on concentrated solutions of 

TetCAL ligands and PbS-OA QDs are presented in the SI; these measurements are used to 

assign the spectral features in PbS-tet presented here. At early times (1 ps) following 

photoexcitation the TA spectrum is consistent with the singlet state of TetCAL superimposed 

on a broad signal from the PbS QDs (see SI). A ground-state bleach (GSB) feature of TetCAL 

can be seen around 550 nm, stimulated emission (SE) at 600 nm and photoinduced 

absorption (PIA) from the singlet exciton at 650 nm. This entire spectrum is pulled below zero 

by the broad signal from the PbS. By 5 ns, the SE and PIA associated with the singlet are 

replaced with PIA from the TT state. By 50 ns the TT states decay to form free triplets and 

excitations of the PbS, which give a strong PIA at 620nm, suggesting the transfer of one of the 

triplets into the PbS, while the other remains on the TetCAL ligand. At present, it is not 

possible to tell if the TT state breaks up prior to triplet injection, or if one of the triplets is 

injected directly from the TT state. At later times, 5µs, we detect signatures consistent with 

free triplets on the TetCAL ligand, but the PIA associated with the excitons on the PbS at 

620nm is lost. Based on these spectra we suggest that the photoexcitation in the QDs 

recombines before the transfer of the remaining triplets from the TetCAL ligand. These 

remaining triplets have a lifetime of 14 µs, much shorter than the 70µs lifetime of triplets 

formed via fission in concentrated solutions of TetCAL ligands. This shows that the triplets on 

the TetCAL ligands attached to the QDs are efficiently quenched via transfer to the QDs. We 

note that if the both triplets were transfer to the QD at the same time we would expect to 

see a reduction in PLQE as biexction populations have been shown to reduce PLQE in PbS and 

other QDs due to Auger processes23,24. 

 

 

Figure 4: (a) Transient photoluminescence of PbS –Tet under 530 nm and 650 nm excitation 
measured via TCSPC at an emission wavelength of 1250nm. The PL lifetime is extended to 
1.8µs from 1.4µs when excited at 530nm vs 650nm. The inset shows the difference of the two 
PL traces, giving a rise time of 60ns, which is consistent with the triplet transfer time into QDs 
observed in previous studies (b) TA spectra of PbS - Tet excited at 532nm. As described in the 
main text, the 1ps spectrum is consistent with the singlet exciton of TetCAL superimposed on 
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a broad signal from the PbS. At 5 ns a spectrum consistent with TT states is observed, at 50 ns 
the spectrum is consistent with a superposition of triplet excitons on TetCAL and excitations 
on the PbS, and at 5µs the spectrum is consistent with triplet excitons on TetCAL. 

 

Overall, the TA data are consistent with the formation of TT states from the initially 

photogenerated singlet state on the TetCAL ligands. Triplets are then injected into the QDs, 

where they form an excited state in the QD and subsequently recombine. Following this the 

remaining triplets are injected into the QD, where they can then recombine. More detailed 

future studies are called for to clarify the exact mechanism and sequence of the triplet 

injection process. 

In conclusion, we have demonstrated that using singlet fission molecules as ligands for QDs 

allows for the doubling of QD PLQE when the photons are absorbed by the ligand, as 

compared to when directly absorbed in the QD.  This doubling of the PLQE of the QDs, shows 

that both the singlet fission process in the ligands as well as the subsequent injection of the 

triplets into the QDs must occur with near unity efficiency. This is a very surprising result for 

the reasons described in detail above. Our results raise a number of questions which will need 

to be probed by future studies, for instance, (i) the mechanism of fission in the ligands 

attached to the QDs, (ii) if dynamic structural rearrangements of the ligand shell aid in the 

formation and breakup of the TT states, (iii) if triplets can be injected directly from the TT 

states into the QDs, and (iv) if the injection of one triplet blocks the injection of another triplet 

from the ligands thus preventing the formation of biexcitons and enabling efficient sequential 

injection.  

Turing back to equation 1, which describes the overall quantum efficiency of a photon 

multiplication process based on singlet fission, we find that the approach demonstrated here 

collectively maximises the efficiency of each step of the process except ηPL, the efficiency of 

light emission from the QDs. However, it should be possible to independently optimise this 

step, for example via the use of post-ligand-exchange surface passivation, without 

compromising the other steps. Thus, our approach holds great promise for achieving a photon 

multiplication yield close to the theoretical maximum of 200% and provides a clear path 

towards the harnessing of singlet fission to enhance the efficiency of inorganic photovoltaics 

and ultimately to overcome the Shockley-Queisser limit. 

 

Experimental Methods 

Materials: All chemicals were purchased from Sigma-Aldrich and used as delivered.  The TIPS-

Tetracene-Carboxylic acid (TetCA) was synthesized as described previously25. 

PbS nanocrystal synthesis: The synthesis of PbS QDs was carried out following modified 

versions of previously reported methods26. Briefly, PbO (0.62 g, 2.8 mmol), oleic acid 

(2.5 ml, 7.8 mmol, 1.81g (acceptor) or 1.5 ml, 4.7 mmol, 1.3g (donor) and octadecene 

(25.0 ml, 76.3 mmol, 19.5 g) were combined in a three-neck flask and degassed at 110 °C 

under vacuum (10−2 mbar or better) for 2 h. Subsequently, the reaction flask was flushed 
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with nitrogen and heated to 115 °C. A solution of bis(trimethylsilyl)sulphide (286 µl, 1.4 

mmol), diphenylphosphine (144 µl, 0.83mmol) in octadecene (13.9 ml, 42.4 mmol, 10.8g) 

was rapidly injected into the lead precursor solution. The bandgap of the PbS QDs was 

tuned by adjusting the oleic acid concertation as above. The reaction was quenched by 

placing the reaction flask in an ice-water bath. The PbS QDs were isolated from the reaction 

mixture by flocculating to turbidity using a 1-buthanol/ethanol/hexane solvent system. The 

purified QDs were then redispersed in octane at a concentration of ∼100 mg ml−l and 

stored under argon. 

Ligand exchange: The ligand exchange was performed using a modified literature 
procedure25. Previously synthesized PbS-OA was used, in the presence of TetCAL in 
toluene. TetCAL (variable amounts) was added to a 20 mg/ml solution of PbS-OA in 1 ml 
toluene and the resulting solution was maintained in the dark for 16 hours. Then, acetone 
(4 mL) was added to precipitate the PbS-tet nanocrystals; the mixture was centrifuged at 
4000 rpm for 5 minutes, the supernatant was removed, and the residue was dispersed in 
toluene (1 mL). The PbS-tet nanocrystals were purified using a minimum of 6 repeated 
dispersion/precipitation/centrifugation cycles. Finally, PbS-OA/TPn nanocrystals were 
dispersed in toluene (1 mL), and stored under nitrogen in the dark at -20°C.  

Continuous wave measurements: Absorption spectra of solutions were measured on 

nanocrystals samples dispersed in toluene at a concentration of ca. 1 mg mL-1 in a 0.1 cm × 1 

cm cuvette using a Shimudzu UV600 spectrometer with attached integrating sphere. 

Photoluminescence excitation spectra were measured on an Edinburgh Instruments FLS90 

fluorimeter. Solution samples were measured in a 1 cm × 0.3 cm cuvette excited in the 1cm 

direction and imaged in the 0.3 cm direction.  

PLQE measurements: Nanocrystal solutions were placed in an integrating sphere and were 

photo-excited using 532 nm and 785 nm continuous-wave lasers. The laser and the emission 

signals were measured and quantified using a calibrated Andor iDus DU490A InGaAs detector 

for the determination of PL quantum efficiency. PLQE was calculated using the method of de 

Mello et al. 27.  

Briefly, PLQE was calculated as 
number of photons emitted

number of photons absorbed
. To calculate these numbers three 

measurements were performed in an integrating sphere and the total light intensity 

received at the spectrometer was measured. a) laser excitation with no sample, b) laser 

excitation and sample emission with direct illumination of sample and c) laser excitation and 

sample emission with indirect illumination of sample. Integrating the excitation and 

emission signals allows the follow calculations. 

Number of photons absorbed =  𝐿𝑎𝐴, where 𝐿𝑎  is the excitation intensity in 

experiment a. and  𝐴 =  (1 −
𝐿𝑐

𝐿𝑏
), where 𝐿𝑏 and 𝐿𝑐are the excitation intensities in 

experiment b and c respectively.  

Number of photons emitted = 𝑃𝑐 − (1 − 𝐴)𝑃𝑏, where 𝑃𝑏 and 𝑃𝑐  are the emission 

intensities in experiment b and c. 
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Thus PLQE is calculated as 𝑃𝐿𝑄𝐸 =  
𝑃𝑐−(1−𝐴)𝑃𝑏

𝐿𝑎𝐴
.  

This method accounts for all photons absorbed by direct excitation, indirect excitation via 

scattering in the integration sphere and sample emission. Full details can be found in the de 

Mello et al. publication25.” 

 We note that the fluence used for these measurements was kept low to avoid two-photon 

absorption. The error in the calculated PLQE values is ±1% (absolute). 

Transmission electron microscopy: TEM samples were prepared by drop casting a ca. 5mg 

mL-1 nanocrystal solution in toluene on a TEM Grid (200 Mesh Cu, Agar Scientific) in an argon-

filled glove box and imaged employing a FEI Tecnai F20 microscope operated at 200 kV. 

Nanocrystal size distributions were measured using the software package ImageJ 

(https://imagej.nih.gov/ij/). A contrast threshold was chosen which solely included the 

nanocrystal particles and not the image background. Using the analyze particle function, 

which counts areas of contrast above the threshold, the size distribution was measured.  

Particle size was limited to a designated maximum which excluded overlaid nanocrystals.  This 

was done for 5 of different TEM images. 

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 (50 fs - 2 ns) and long (1 ns- 500 μs) time delays 

with a probe pulse covering from 550 – 750 nm. For short-time (ps-TA) measurements a 

portion of the output of a Ti:Sapphire amplifier system (Spectra-Physics Solstice) operating at 

1 kHz, was used to pump a home built non-collinear optical parametric amplifier (NOPA) to 

generate the pump pulse at 532 nm  (FWHM 50 nm, <100 fs). In both short and long-time 

measurements another portion of the amplifier output was used to pump a home-built non-

collinear optical parametric amplifier, to generate the probe pulse. The probe beam was then 

split to generate a reference beam so that laser fluctuations could be normalized. For short-

time measurements the probe is delayed using a mechanical delay-stage (Newport). For long-

time (ns-TA) measurements a separate frequency-doubled Q-switched Nd:YVO4 laser (AOT-

YVO-25QSPX, Advanced Optical Technologies) is used to generate the pump. This laser 

produces pulses with a temporal breadth below 1 ns at 530 nm and has an electronically 

controlled delay. The pump and probe beams are overlapped on the sample adjacent to a 

reference probe 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 beams 

are focused into an imaging spectrometer (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. Initial measurements 

were recorded at a range of laser fluences (30 - 400 µJ/cm2) on both the ps and ns transient 

absorption set-ups. The TA spectra presented in this work were recorded at 150 µJ/cm2. In all 

measurements every second pump shot is omitted, either electronically for long-time 

measurements or using a mechanical chopper for short-time measurements. The fractional 

differential transmission (∆T/T) of the probe is calculated for each data point once 1000 shots 

have been collected. 
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TCSPC: Transient PL measurements with TCSPC. The sample was excited with a pulsed 

supercontinuum laser (Fianum Whitelase SC-400-4, 6 ps pulse lengths) at 0.2 MHz repetition 

rate. The pump wavelength was selected to 530 nm or 650 nm (full-width at half-maximum 

10 nm) with dielectric filters (Thorlabs). Pump scatter light from the laser excitation within 

the photoluminescence path to the detector was filtered-out using an absorptive long-pass 

filter with a 1000 nm edge (Thorlabs). The photoluminescence was focused and detected by 

a single-photon avalanche photodiode based on InGaAs/InP (MPD-InGaAs-SPAD). 
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Figure S1:  Absorption spectra of PbS – Tet, PbS – OA and TetCal in toluene. 

 

 

Figure S2: TEM images of PbS – OA QDs and PbS – Tet QDs. 
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Figure S3:  Size distribution from TEM  PbS – OA QDs and PbS – Tet QDs. The slight difference 
in particles size is most likely the result of the difference in ligand lengths of oleic acid and 
TetCal. 
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Figure S4: Extinction coefficient of TetCAL, measured from a dilute solution of TetCAL in 
Toluene. 

 

Figure S5: Photoluminescence spectra of PbS QDs with attached TetCAL ligands under 532 nm 
excitation. The spectra demonstrates that the PL of the TetCAL ligand is completely quenched 
upon attachment to the PbS. The sharp peaks at 532nm and 1064nm are the excitation laser 
and its second harmonic from the grating of the spectrometer. 
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Figure S6: PLQE and PL spectrum of PbS-OA excited with 532 nm and 785 nm illumination at 
20 µW. For these QDs not increase in PLQE is observed under the two excitation 
wavelengths, in contrast to the the QDs with TetCAl ligands (Figure 3). 

 

Table S1: Life times extracted by decay associated spectra and TCSPS fits 

DAS on TA data TCSPC 

TetCAL Lifetime (ns) Error (ns) PbS Lifetime (ns) Error (ns) 

TT 15.05 0.07 @ 650 nm 2022.45 7.20 

Triplet 69762.52 1201.63 @ 530 nm 1930.48672 13.60 

PbS Lifetime (ns) Error (ns) PbS – Tet Lifetime (ns) Error (ns) 

Exciton 2170.00 20.00 @ 650 nm 1396.57 27.96 

PbS – Tet Lifetime (ns) Error (ns) @ 530 nm 1830.93 25.51 

Singlet 3.53 0.30    

TT 44.28 2.01    

Triplet 1778.45 58.57    
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Figure S7: Transient photoluminescence of PbS – OA under 530 nm and 650 nm excitation 
(6µW, 24 nJ/cm2), measured via TCSPC. 

We observe no dependence of the transient PL of PbS-OA on the wavelength of excitation. Figure S7 

shows the near equivalence of the transient PL dynamics of PbS-OA QDs under 6μW of 530 nm and 

650 nm pulsed excitation. This is in contrast to PbS-Tet where we see a difference in lifetimes under 

exciton with 530 nm and 650 nm excitation (Figure 4 (a)). 

To ensure that any observed differences in decay dynamics are due to transfer and not multi-exciton 

effects, such as exciton anihilation, TCSPC measurements were performed at multiple excitation 

fluences. Using 650 nm excitation with of laser fluences between 0.4- 24 nJ/cm2 (100 – 6000 nW), we 

see no change in the PL decay dynamics of the PbS-OA QDs (figure S8 (a)). Additionally using 530 nm 

excitation with laser fluences between 6- 24 nJ/cm2 (1600 – 6000 nW), we see no change in the PL 

decay dynamics of the PbS-Tet QDs (Figure S8 (b)).  Therefore, the measurements are in the linear 

excitation regime and 24 nJ/cm2 (6 μW) of 530 nm or 650 nm laser excitation will result in dynamics 

which are not influenced by multi-exciton effects. 
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Figure S8: Fluence dependence of transient photoluminescence in PbS – OA  (a) and PbS – Tet 
(b) under 650 nm excitation. 

Similar to previously reported singlet fission in concentrated TIPS-Tetracene solutions (reference 1 of 

main text), we find that in concentrated solutions (0.5 M) of TetCAL (free ligands in solution with no 

QDs), triplets form via diffusion and collisions . These triplets decay with a lifetime of 70 µs.   

A clear conversion between TT states formed via collisions at early times and free triplets formed via 

breakup of TT states is detected consentient with previous work on TIPS-Tetracene solutions. Decay 

associated spectra (DAS) analysis confirms the presence of 2 species.  

 

 

Figure S9: (a) Time transient absorption spectra of TetCAL only solutions (free ligands in 
solution) using 532 nm excitation (400 µJ/cm2). (b) DAS of spectra showing the 2 compoents. 

After photoexcitation untreated PbS QDs show a broad photo-induced absorption (PIA) feature 

peaking at 620 nm which decays with a time constant of 2170 ns (Figure 4 (a) and SI Figure 10 (a)), in 

agreement with the transient PL measurements.  

DAS was performed on the ns transient absorption data. The DAS calculated for the PbS excitation in 

shown in figure S10 (b). The DAS shows that the spectrum consists of single component consistent 

with the know spectra of PbS. All DAS lifetimes and exponential fits to the TCSPC data can be found in 

SI Table 1. 
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Figure S10: (a) Long-time transient absorption spectra of PbS – OA using 532 nm excitation 
(400 µJ/cm2) (b) DAS of PbS –Tet  

Comparing the spectra of the PbS-Tet (TetCAL attached to QDs) with free TetCAL ligand in solution we 

find good agreement between the spectra at 5ns (TT states) and 5µs (free triplets) in the region above 

650nm where the signals from the ligand are strong. This confirms the evolution to free triplets in the 

PbS-Tet system.  

The region below 650nm is dominated by signals from PbS, which may be due to charging effects on 

PbS (see below). Due to the small quantity of material available we were not able to flow the solutions 

during this study, which would avoid the charging effect on the PbS. This gives rise to the background 

signals in the regions below 650nm. The spectra of the charged dots presents a ground state bleaching 

feature but not PIAs associated with the excitons. Thus the prominent PIA features peaking at 620nm 

associated with excitons on PbS allows us to track the actual excited states. This feature is clearly 

observed in the spectra of the pure PbS, figure S10 and also in the PbS-Tet at 50ns, figure 4b, but not 

in the spectra at 5µs does not show the. We interpret this as related to the loss of excitations on the 

PbS by 5µs.  

 

Figure S11: Comparison of the transient absorption spectra of PbS-Tet with free TetCAL 
ligand in solution at (a) 5ns and (b) 5µs. 

 


