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ABSTRACT

We demonstrate the successful incorporation of a solution-processable singlet fission material,
6,13-bis(triisopropylsilylethynyl)pentacene (TIPS-pentacene), into photovoltaic devices. TIPS-
pentacene rapidly converts high-energy singlet excitons into pairs of triplet excitons via singlet
fission, potentially doubling the photocurrent from high-energy photons. Low-energy photons are
captured by small-bandgap electron-accepting lead chalcogenide nanocrystals. This is the first
solution-processable singlet fission system that performs with substantial efficiency, with
maximum power conversion efficiencies exceeding 4.8%, and external quantum efficiencies of up
to 60% in the TIPS-pentacene absorption range. With PbSe nanocrystal of suitable bandgap, its

internal quantum efficiency reaches 170+30%.



KEYWORDS Singlet Fission, TIPS-Pentacene, Colloidal Nanocrystals, Hybrid Photovoltaics,

Multiple Carrier Generation, Quantum Dots.

Singlet fission is an exciton multiplication mechanism in organic molecules, converting one
singlet exciton into a pair of triplet excitons. It can occur on an ultrafast timescale (pico- or even
femto-second) when the triplet state has approximately half the singlet energy, out-competing
singlet decay via fluorescence.'” Singlet fission has recently attracted considerable attention
because it provides a path to overcome the single-junction Shockley-Queisser limit in solar cells by
reducing thermalization losses.”® To benefit from singlet fission, a large-bandgap singlet fission
material has to be coupled to a small-bandgap semiconductor that acts as an electron acceptor and
generates a single exciton per absorbed low-energy photon.*”

Pentacene has been the first singlet fission material to be successfully implemented in working
solar cells, with external quantum efficiencies (EQE) of up to 126% in pentacene/Cg solar cells
when light trapping was employed, with internal quantum efficiencies (IQE) approaching 200%.”’
Bilayer cells with pentacene and infrared-absorbing inorganic nanocrystals as electron acceptors
have been demonstrated with PbS and PbSe. The power conversion efficiency (PCE) of the PbS
cells reached nearly 1%;® and with PbSe, the PCE improved to 4.7%.”'° The EQE obtained in these
devices peaked at 80%, though the EQE at pentacene absorption peak (670 nm) was 30%.’

Despite these encouraging results, the instability in air and light hinders the commercial prospects
of solar cells made from pentacene. Pentacene undergoes photo-oxidation, forming an
endoperoxide as oxygen bridges across the C6 and C13 positions which are most susceptible to
oxidation.'" "

Pentacene is insoluble in most common solvents so it needs to be deposited by thermal

evaporation under vacuum. 6,13-bis(triisopropylsilylethynyl)pentacene (TIPS-pentacene) was
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7 and it shows a

originally designed for good charge mobility in field-effect transistors,
dramatically enhanced solubility and oxidative stability in solution.'™'® Besides protecting the
susceptible C6 and C13 positions with the bulky TIPS groups,? it has been suggested by Fudickar
and Linker that they also help to ensure cycloreversion of the endoperoxide to the parent acene,
preventing its further decomposition.13 Maliakal et al. demonstrated theoretically that the TIPS
groups lower the triplet energy of the acene, preventing singlet oxygen formation; and that they also

12 However, empirically both its triplet

lower the LUMO energy, minimizing charge transfer.
energy and LUMO were not found to be lower than unsubstituted pentacene.”'

In concentrated solutions, TIPS-pentacene shows a triplet yield of 200%, with singlet fission
occurring via a transient excimer intermediate, formed when one photoexcited molecule collides
with a ground-state molecule.”' In thin films of TIPS-pentacene, singlet fission is found to occur on
a timescale of 1 ps with a triplet yield of 144%.%* However, solar cells based on TIPS-pentacene
have so far delivered limited promise. Lloyd et al. achieved a PCE of 0.52% with solution-
processed TIPS-pentacene/Cq bilayer devices.”> A separate study on vacuum sublimed TIPS-
pentacene/Cg devices showed a PCE of 0.42%.%

Meanwhile, colloidal nanocrystals have garnered widespread interest in solar cells of various
designs,” ™’ recently reaching a PCE of 8.55%.%° By careful control of reaction temperature and
time, nanocrystal size can be easily tuned, which inversely correlates to the bandgap energy.
Monodispersity is crucial for good performance, to give an optimal compact arrangement of the
nanocrystals and a clean energy landscape.’’ Small-bandgap nanocrystals absorb well into the red

and near-infrared region, capturing low energy photons and making them ideal electron acceptors

for low-energy TIPS-pentacene triplet excitons.



Here we report the incorporation of solution-processed TIPS-pentacene into photovoltaic devices
with small-bandgap PbS or PbSe nanocrystals as the acceptor material, obtaining a PCE of 4.8%
and an EQE of up to 60% in the region where TIPS-pentacene absorbs. We find that the IQE
exceeds 100% for the TIPS-pentacene layer, unless the energetics of the nanocrystals do not allow
for triplet exciton dissociation, in which case the IQE nearly halves.

The nanocrystal/TIPS-pentacene bilayer device architecture is shown in Figure 1. Electrons are
transported through TiO; and extracted from ITO, while holes are extracted through the gold top
contact (Figure 1c). Contrary to previous pentacene/nanocrystal bilayer architectures,®'° TIPS-
pentacene needs to be deposited on top of the cross-linked nanocrystals layer due to a lack of
orthogonal solvents. We find that the thicknesses of individual neat films add up to that of the
bilayer film. Furthermore the absorption peak of the PbS nanocrystals remains unchanged when
TIPS-pentacene is spun on top (Supporting Information Figure S4). This suggests that the two

components do not react with each other, in contrast to TIPS-pentacene and fullerenes.’**
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Figure 1 (a) Device architecture of the nanocrystal/TIPS-pentacene photovoltaic device. (b)
Chemical structure of TIPS-pentacene. (c) Alignment of energy levels in the PbS/TIPS-pentacene
device. Blue arrows illustrate the singlet fission process in TIPS-pentacene upon photoexcitation.
When PbSe is used instead of PbS, this energy diagram remains similar except for the valence band
of PbSe being at -5.1 eV, and its conduction band varies accordingly. TIPS-pentacene HOMO and
nanocrystal valence bands were determined by ultraviolet photoelectron spectroscopy (UPS) as

described by Ehrler et al.’

An inherent shortcoming of this device structure is that light is incident from the bottom of the
substrate, passing through the nanocrystal layer first where up to 85% of the light is absorbed. This
diminishes the EQE contribution from TIPS-pentacene. Using a transparent top and reflective

bottom contact can potentially circumvent this limitation (see detailed discussion in the Supporting



Information Section 3), as TIPS-pentacene receives a larger fraction of light as it is incident from

the top.

Surface ligands on the nanocrystals are crucial for charge transport and interfacial properties with
acenes.”*> The long, insulating native ligands (oleic acid) on the nanocrystals are exchanged for
shorter, more conductive ligands in a solid-state process.”® Common ligands such as
tetrabutylammonium iodide (TBAI), 1,2-ethanedithiol (EDT), and benzene-1,3-dithiol (BDT) have
been used as shorter ligands for improved charge transport.”” Even though the heterojunction
between TIPS-pentacene and all the aforementioned combinations led to devices with considerable
performance and charge generation from both materials (Supporting Information Section 4),
subsequent experiments and optimization were done with BDT capped PbSe and PbS for

consistency and ease of fabrication.

Figure 2 shows the power conversion efficiency (PCE) and open-circuit voltage (Vo) of
nanocrystal/TIPS-pentacene devices for a range of nanocrystal sizes (PbSe in Figure 2a and PbS in
Figure 2b). All parameters are enhanced with larger bandgap for each series. The increase in open-
circuit voltage (V,.) with increasing nanocrystal bandgap in both series corresponds to the increase
in diagonal bandgap between the donor-acceptor layers. Together with the higher fill factor
measured (see Table S2 and S3 in the Supporting Information), this raises the PCE of the
device. Under various optimized conditions, V. as high as 0.60 V and short-circuit current (Js) up
to 21.4 mA/cm” have been achieved, with a champion cell producing a PCE of 4.8% (Figure 2c,

and see Section 5 of Supporting Information for full solar cell characterization).
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Figure 2 Device PCE and V,. variation with bandgap of (a) PbSe and (b) PbS in the

nanocrystal/TIPS-pentacene devices, all fabricated under similar conditions. Unfilled data points

represent the best performance under these conditions. (¢) The I-V characteristics of the 1.25 eV

PbS/TIPS-pentacene champion cell (upon further optimization, specifically of the duration of BDT

soaking time, see Supporting Information Section 1.3 for details), with PCE exceeding 4.8% in

comparison to a device made from TIPS-pentacene and PbSe and a device made from PbSe only.

(d) EQE spectrum of a PbSe/TIPS-pentacene device compared to that of a PbSe-only device of the

same bandgap.



Figure 2d shows a typical EQE spectrum of a PbSe-only device in comparison with a
PbSe/TIPS-pentacene device. The underlying shape of the PbSe/TIPS-pentacene spectrum follows
that of the PbSe-only spectrum, as the majority of light is being absorbed and converted into
photocurrent by the PbSe (70-85% in the range 500-700 nm). The peaks seen at 591 nm and 648
nm follow the features of the absorption of a TIPS-pentacene film, indicating that there is
significant photocurrent contribution from TIPS-pentacene over the spectral region from ~550-700
nm. It is noteworthy that the EQE over this region reaches up to 60%. Interestingly, we only see
photocurrent generation from the TIPS-pentacene features at 648 nm and 591 nm, but not at
692 nm. This peak at 692 nm has been assigned to an aggregate feature of TIPS-pentacene film due

2137 In photoluminescence (PL) measurements on thick neat

to improved packing of the molecules.
TIPS-pentacene films, its emission peak occurs at 667 nm (Supporting Information Figure S3).
The absence of an emission from the lowest-energy 692 nm peak, whose absorption is associated
with aggregates,”’”’ indicates that these states efficiently recombine non-radiatively, explaining
their absence EQE spectra of all the devices.

The presence of a positive EQE contribution from TIPS-pentacene in all the devices suggests that
the conduction band edges of all the PbSe/PbS used in our study are low enough to ionize the
triplets generated from singlet fission in TIPS-pentacene, leading to net electron transfer from
TIPS-pentacene to the nanocrystals. Analogous to previous studies on PbSe/pentacene bilayer
devices,” we expect a negative contribution towards the overall EQE from TIPS-pentacene when
the bandgap of the nanocrystal is sufficiently large such that the conduction band level is too high

to ionize the triplets (Figure 3a). Thus when TIPS-pentacene is combined with 1.3 eV bandgap

PbSe, this EQE contribution is reduced, with the remaining contribution presumably from the low-



bandgap tail of the nanocrystal distribution and possibly from some direct singlet exciton transfer

prior to singlet fission (Figure 3b).

Energy (eV) Energy (eV)
24232221 2 19 18 17 gog 24232221 2 19 18 17
(a)s s () " TIPS-pc contribution | gE 200 (€ TIPS-pc contribution
] — —_ s
£ | 125eVPbS c 3175- 1.0 6V PbSe
w6 165 =150 \
(1.3 &V PbSe) % 106V ih £ uiq2s]
c44 TIPS-pc {4 100
T, (1.25eVPbS) 8 absorption | @ E 7
(T.0eVPbse) W, | '~~_> 123 E 5
’ 2 1.3 eV PbSe
1.3 eV PbSe s 25
Sy 04 = 40 o 01
N ; , : . 2
500 550 600 650 700 750

500 550 600 650 700 750
Wavelength (nm)

TIPS-Pentacene  CT States Wavelength (nm)

Figure 3 (a) Energy alignment between the TIPS-pentacene triplet state and the charge transfer
(CT) states with different nanocrystals bandgaps (in brackets), where the CT energy is
approximated by the difference between the nanocrystal conduction band energy and the TIPS-
pentacene highest occupied molecular orbital (HOMO). (b) EQE contribution and modelled
absorbed light fraction from TIPS-pentacene; and (¢) IQE of TIPS-pentacene in bilayer devices

with nanocrystals of different bandgaps, isolated from total EQE by transfer matrix optical

modelling.

To investigate the origin of the TIPS-pentacene photocurrent, transfer matrix optical modelling
was performed to calculate the absorption profile of the device which then allows the extraction of
the internal quantum efficiency (IQE) (Supporting Information Section 6).”" It is assumed that
the heterojunction consists of a sharp and flat interface between the layers. We first modelled the
PbSe-only IQE from the measured EQE of PbSe-only devices. This IQE can then be used to model
the PbSe EQE component of the overall EQE in a PbSe/TIPS-pentacene device. The difference

between the measured overall EQE of a PbSe/TIPS-pentacene device and this PbSe component




represents the TIPS-pentacene component of the EQE (Figure 3b), since PbSe and TIPS-pentacene
are the only active layers contributing towards photocurrent. The IQE of TIPS-pentacene can be
obtained by using its isolated EQE contribution divided by its absorbed light fraction (Equation 1).
We observe an IQE above 100% in TIPS-pentacene only when the acceptor level in the
nanocrystals is low enough for triplet ionization (Figure 3c¢). Since we deposit only a very thin
layer of TIPS-pentacene (16+4 nm), any variation in the thickness-dependent light absorption will
lead to a large change in the output IQE. To estimate this uncertainty, we determined the IQE for
the range of model parameters that gave a good fit (Supporting Information Section 6.1). We
found that with small-bandgap PbSe (1.0 eV), the TIPS-pentacene IQE in the ~550-700 nm range
reaches up to 160+40%, while with 1.3 eV PbSe the TIPS-pentacene IQE drops to 80+20% (Figure
3c¢). This confirms that singlet fission is operational in the devices with small-bandgap nanocrystals.
Despite accurate determination of the TIPS-pentacene contribution to the photocurrent from our

optical modelling, we still observe no sign of photocurrent from the aggregate feature at 692 nm.

_ EQEoverall,measured_EQEPbSe,modelled
IQETIPS—pc ;
AbsorptionTips-pc

— Equation 1

Naively, one may expect that adding bulky, inactive TIPS groups to pentacene may prohibit
charge/exciton transport. However, the high IQE we find provides clear evidence of effective
photocurrent generation in these devices.

We recognize that the optical modelling is very sensitive to the TIPS-pentacene layer thickness.
Jadhav et al. also pointed out that scattering and light trapping can lead to further uncertainty in
estimating the absorption in polyacene films.* To provide corroborative evidence for singlet fission
contributing to the photocurrent, we measured the effect of magnetic field on the photocurrent of

the devices. As described by Merrifield,* an applied magnetic field changes the rate of triplets

10



fusing back to emissive singlets and shifts the equilibrium in the concentrations of singlet and

4 . . .
40 an increase in photoluminescence

triplet excitons. As already demonstrated for other acenes,'
from pristine TIPS-pentacene can be seen when applying a magnetic field (Figure 4, blue trace),
associated with an increased ratio of emissive singlets to dark triplets. In solar cells, we expect a
reduction in photocurrent if the dominant photocurrent contribution from TIPS-pentacene is from
triplets. Indeed, we observe a drop in photocurrent for devices made from a thin layer (~40-60 nm)
of 0.95 eV bandgap PbSe and 1.25 eV PbS with TIPS-pentacene, while no change is observed for
nanocrystal-only devices (Error! Reference source not found.). This drop indicates pronounced
triplet contribution to the photocurrent for both devices. We note that the magnitude of
photocurrent change is not indicative of the fraction of triplets contributing to the photocurrent, as
the majority of the photocurrent is produced by the nanocrystals, which are slightly different in the
two devices. For larger bandgap nanocrystals we observe no photocurrent change within the
resolution of our experimental setup (<0.05%, see Figure 4 and Supporting Information Section
1.6 for additional bandgaps). This indicates that the photocurrent we observe from TIPS-pentacene
in the large-bandgap PbSe devices could have originated from a mixture of singlet and triplet

excitons extracted through the low-bandgap tail of the nanocrystal distribution. Lower-bandgap

nanocrystals can extract the triplet excitons more efficiently, hence the higher IQE.
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Figure 4 Magnetic field response of photoluminescence (PL) of a pristine TIPS-pentacene film and
of photocurrent in nanocrystals/TIPS-pentacene devices. All samples were excited with a laser at

637 nm.

In conclusion we have demonstrated a single-junction two-bandgap solar cell with all active
layers processed from solution. In a bilayer heterojunction architecture with lead chalcogenide
nanocrystals, these TIPS-pentacene devices show promising efficiencies of more than 4.8%,
achieving a maximum V,. of more than 0.6 V with PbS nanocrystals and Ji. of more than 20
mA/cm” with PbSe nanocrystals. The internal quantum efficiency exceeds 100% in devices with

nanocrystal bandgaps that allow for triplet ionization.
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Supporting Information
Solution-Processable Singlet Fission Photovoltaic
Devices

Le Yang, Maxim Tabachnyk, Sam L. Bayliss, Marcus L. Béhm, Katharina Broch, Neil
C. Greenham, Richard H. Friend, Bruno Ehrler

1. Experimental Methods

1.1 Materials
Lead(ll) acetate (99.999%, Pb(CH5C0OO0),.3H,0), oleic acid (technical grade, 90%, OA), 1-octadecene

(technical grade, 90%, ODE), trioctylphosphine (97%, TOP), lead(ll) oxide (99.999%, PbO),
bis(trimethylsilyl)sulfide (synthesis grade, TMS), diphenhylphosphine (98%, DPP), toluene (99.8%,
anhydrous), hexane (95%, anhydrous), ethanol (>99.5%, anhydrous), methanol (99.8%, anhydrous),
1-butanol (99.8%, anhydrous), chloroform (99%, anhydrous), acetonitrile (99.8%, anhydrous),
benzene-1,3-dithiol (>99.0% BDT), tetrabutylammonium iodide (>99.0%, TBAI), 1,2-ethanedithiol
(>98.0%, EDT), and titanium(IV) isopropoxide (97%, TTIP) were purchased from Sigma-Aldrich.
Selenium  powder (99.999%, Se) was purchased from Alfa Aesar, and 6,13-
Bis(triisopropylsilylethynyl)pentacene (TIPS-pentacene) was purchased from Ossila. All chemicals

were used as received.

1.2 Nanocrystal Synthesis
PbSe and PbS nanocrystals were synthesized based on previously reported colloidal synthesis.*™

PbSe Nanocrystals: Nanocrystal size (diameter and bandgap) can be carefully tuned by varying the
reaction time and injection temperature. PbSe were synthesized with bandgap 0.85 — 1.30 eV.
Pb(OAC),.3H,0 (5.78 mmol, 2.20 mg) and OA (14.1 mmol, 4.45 mL) were dissolved in ODE (106
mmol, 34 mL). The reaction mixture was degassed under vacuum (102 mbar) at room temperature and
subsequently at 100 °C. Coordination of oleate ligands to lead was completed at 170 °C in 1 h under
nitrogen atmosphere. The selenide precursor was prepared by dissolving selenium (16.2 mmol, 1.28 g)
and DPP (0.925 mmol, 161 pL) in TOP (36.3 mmol, 16.2 mL), and injected rapidly into the reaction
mixture, held at 160 °C, under nitrogen. After 10 to 240 seconds of growth, the mixture was quenched
by cold hexane and cooled to room temperature by an ice-cold water bath. Purification steps were
performed under inert atmosphere via repeated cycles of dissolving in hexane, and precipitation with

ethanol or 1-butanol/methanol mixture. Finally PbSe nanocrystals were re-dissolved in octane.

PbS Nanocrystals: PbS nanocrystals were synthesized in a bandgap range of 1.21 — 1.29 eV. PbO (2.0
mmol, 0.45 g) and OA (4.73 mmol, 1.5 mL) were dissolved in ODE (62.5 mmol, 20 mL) and
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degassed under vacuum at 100°C. The sulfide precursor was prepared by dissolving TMS (1.0 mmol,
213 L) and DPP (0.60 mmol, 104 pL) in degassed ODE (31.25 mmol, 10 mL). The precursor
mixture was then injected rapidly into the reaction mixture at 120 — 170 °C under nitrogen. The
heating mantle was removed and the flask was subsequently allowed to cool to 35 °C. Purification
steps were the same as for PbSe except that toluene was used as the solvent. PbS nanocrystals were re-

dispersed in octane for spin coating.

1.3 Device Fabrication
Indium tin oxide (ITO)-patterned substrates (Psiotec) were cleaned by sonication in acetone and IPA

for 10 min each. The substrates were then subjected to oxygen plasma etching (250 W;/ 0 W,, 10
min). The electron-transporting TiO, layer was deposited by atomic layer deposition (ALD), at 200-
225 °C under vacuum, using TiCl, and water as precursors, cycled 500-1000 times, leading to a
thickness of 25-50 nm. In some instances, the TiO, was prepared by sol-gel method.’> Here, the
titanium precursor was prepared by mixing solutions of TTIP (0.60 mmol, 175 pL) and 2 M
hydrochloric acid (0.35 mmol, 17.5 pL) in ethanol (21.4 mmol, 1.25 mL each). The precursor mixture
was filtered and spun on ITO substrates at 2000 rpm. These sol-gel TiO,-covered substrates were
annealed in air at 500 °C for 30 min. All TiO,-covered substrates were subsequently taken into a
nitrogen-filled glovebox for spin-coating of the active layer. Layer-by-layer deposition of PbSe and
PbS was carried out following the original method described by Sargent et al.° A solution of the
crosslinker BDT was prepared in acetonitrile (0.10-0.23% v/v). When other ligands were used, TBAI
(1-10 mg/mL in MeOH) and EDT (0.02% v/v, in acetonitrile) would replace BDT. BDT was firstly
spun on the TiO, layer, after a 5-10 s soak (30 s with the optimized batches), to create a crosslinking
surface for PbSe or PbS nanocrystals. Excess BDT was then washed off with acetonitrile. Each layer
was formed by spin-coating PbSe or PbS (25 mg/mL in octane), followed by crosslinking using BDT.
Excess BDT was rinsed off by acetonitrile, and oleic ligands and unlinked nanocrystals were washed
off by octane. All layers were filtered and spun at 1500 rpm for 10-15 s. For most devices, layers of
PbSe or PbS of 90-130 nm were deposited. Solutions of TIPS-pentacene were prepared in chloroform
(2 to 2.5 mg/mL) and spun through a filter on top of nanocrystals layers at 1500 rpm for 40-50 s (~13
- 20 nm). Top electrodes consisting of a thin layer of hole-transporting MoO, (7-15 nm) and gold (80
nm) were deposited by thermal evaporation under vacuum at a pressure of 5 x 10°° mbar. Finally, the
devices were legged for electrical contact during measurements, and encapsulated with glass slides
and transparent epoxy before being taken out into ambient atmosphere for characterization. External
guantum efficiency (EQE) was measured with an Oriel Cornerstone 260 monochromator, within a
wavelength range of 375-900 nm. Current-voltage characteristics were taken with an Oriel 92250A

solar simulator and a Keithley 2636A source-measure unit.



1.4 Optical Properties & Film Thickness

UV-Vis absorption measurements of films, spun on glass Spectrosils, were performed with Hewlett
Packard 8453 UV-Vis Spectrophotometer. The nanocrystals bandgap was determined by UV-Vis
absorption (Perkin-Elmer Lambda 9 UV/VIS/NIR Spectrophotometer) of dilute solutions in
tetrachloroethylene. Film thicknesses were measured with atomic force microscopy (AFM, Nanoscope
I11a). Thicknesses were subsequently checked with modelled thicknesses from ellipsometry data, and
also in some cases with X-ray reflectivity (XRD).

1.5 Ellipsometry Measurements

TiO, and TIPS-pentacene were spincoated, and MoO, evaporated, on silicon substrates, for which
variable angle ellipsometry was performed in reflection, using a J. A. Woollam M-2000L
Spectroscopic Ellipsometre with a 75W Xe light source and monochromator. TIPS-pentacene was also
spincoated on glass substrates for additional variable angle ellipsometry measurements in
transmission. The film thicknesses were fitted with a Cauchy model, with a starting value based on an
estimate by AFM (and for TIPS-pentacene, based on an accurate determination by XRD due to its
very thin thickness), over their transparent regions. TiO, and MoO, were then fitted to a layered
optical model using a point-by-point fit, and subsequently a normal fit, to result in a set of Kramers-
Kronig consistent refractive indices (n) and extinction coefficients (k) for their entire wavelength
range. For TIPS-pentacene, a multisample analysis was performed to extract its uniaxial anisotropic
optical properties,” also using a point-by-point fit and subsequently a normal fit, to produce a set of
Kramers-Kronig consistent n and k, over its entire wavelength range, parallel and perpendicular to the
sample plane respectively. The specific models used for TIPS-pentacene on silicon and glass

substrates are:

Silicon Glass
Layer 1 Si (substrate), 1 mm Glass (substrate), 1 mm
Layer 2 SiOy, 2 Nm n, k in-plane, 0 nm
Layer 3 n, k in-plane, 0 nm n, k out-of-plane, 0 nm
Layer 4 n, k out-of-plane, 0 nm Uniaxial layer, 16 nm

Layer 5 Uniaxial layer, 16 nm

Nanocrystals (PbSe and PbS) were spincoated on silicon substrates as above and measured using a
Woollam Vase VB-400 ellipsometer with monochromatic light using a Xe lamp and monochromator.
Samples were measured in reflection and fitted with a model combining a Cauchy and two Gaussian

components. All n and k extracted are shown in Figure S1.
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Figure S1 Modelled refractive indices (n) and extinction coefficients (k) of films obtained by ellipsometry.

1.6 Magneto-Photocurrent and -Photoluminescence Measurements

Photocurrent Response to Magnetic Field
The devices with much thinner nanocrystals layers (of 40-60 nm) were placed between the poles of an

electromagnet (GMW Model 3470). A cw-diode laser (Thorlabs CPS635S) at 637 nm with an

intensity below 5mW/cm2, chopped at 467 Hz, was used as the pump. The photocurrent was
measured with a lock-in amplifier (Stanford SR830). For each magnetic field B, we averaged the B-
field response over many cycles. In each cycle n, we

1. ramped up the B-field linearly from O T over 15 s

2. waited 10's

3. measured the photocurrent with B-field (IB’n) by averaging over 10 s with 0.5 s between

each data point
4. ramped the B-field linearly downto O T for 15 s
5. waited 10 s
6. measured the photocurrent with no magnetic field (onn) as above.

The photocurrent response was calculated by averaging (IBn —(( On_1+I0n)/2)) (( On_1+I0n)/2) over 20

cycles. We chose the excitation intensity low to avoid degradation artefacts and made sure that the
baseline photocurrent decreases by less than 2% during the full measurement.
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Figure S2. Magnetic field response for the photocurrent of nanocrystal/TIPS-pentacene devices and the
photoluminescence of a neat TIPS-pentacene film. The noise for the 1.5 eV PbSe device is considerably higher
because the overall photocurrent was lower.

Photoluminescence Response to Magnetic Field

The photoluminescence (PL) was measured by illuminating a spot of ca. 1 mm in diameter with a
diode lasers (Thorlabs CPS635S) at 637 nm. Lenses project the PL emitted to a solid angle of 0.1 =
onto an InGaAs detector (Andor DU490A-1.7). The sample was placed in an electromagnet (GMW
Model 3470), and tilted around the vertical axis so that the pump was incident (and the PL was
measured) at an angle of 60°. A 650nm long-pass filter reflected scattered pump light before the PL
entered the detector. The magneto-response was calculated with 3 cycles as for the photocurrent
response, using the peak in the PL spectrum (Figure S3).
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Figure S3. Extraction of the change in TIPS-pentacene PL under applied magnetic field.
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2. UV-Vis Absorption Spectra
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Figure S4 UV-Vis absorption of PbS film, PbS/TIPS-pentacene bilayer and PbS solution. There is a red shift of
the peak from solution to film as observed before.? The 1.21 eV PbS (in solution) shifts to 1.16 eV in a neat film.
This peak does not change in position when TIPS-pentacene is spun on top, but we do observe a higher degree
of scattering.

3. Transparent Top Contact Devices: IQE Modelling

For a detailed description of the IQE modelling and associated error ranges, see Section 6 of this
document.

Using the IQEs calculated for TIPS-pentacene and PbSe, we demonstrate that a more pronounced
EQE contribution would be obtained for a device with transparent top contacts (Figure S5a). All
optical modelling for the 1.0 eV PbSe/TIPS-pentacene system has been done with the standard- device
structure as shown in Figure 1a of the main text, with the active layer thicknesses as in Table S4. The
EQE of such a device (black curve in Figure S5b) is then compared to the modelled EQE using the
same parameters and IQEs but with a transparent top electrode (red curve in Figure S5b). Hence, the
parameters modelled for the device with transparent top contact are (from the top of device): ITO (40
nm), TIPS-pentacene (16 nm), PbSe (95 nm), TiO, (85 nm), and Ag (50 nm). To date we have not
been able to deposit transparent ITO contacts on top of TIPS pentacene. Alternatives such as thin
metal electrodes may be a possibility towards this device configuration.*
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Figure S5 (a) Proposed device structure with a transparent top (ITO) and reflective bottom contact (Ag). (b)
Modelled EQE of the proposed device structure (with 1.0 eV PbSe/TIPS-pentacene, and assuming the calculated
IQE values) can result in a more pronounced photocurrent contribution from TIPS-pentacene.

4. Different PbS Surface Ligands: PbS/TIPS-pentacene Device I-V Data
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Figure S6 1-V curves of 1.21 eV PbS/TIPS-pentacene devices with different surface ligands, exchanged in solid-
state during device fabrication. All devices were fabricated under similar conditions for fair comparison.

Table S1 I-V characteristics of devices shown in Figure S2.

Ve (V) | Jic (MA/cm?) FF (%) PCE (%)
BDT 0.565 14.93 32.33 2.72
TBAI/BDT 0.421 21.42 36.06 3.25
TBAI/EDT /BDT 0.389 20.04 23.46 1.83
TBAI/EDT 0.366 18.00 27.20 1.79




5. Additional Device Characteristics

The devices shown in this section were all fabricated under similar conditions, in particular similar
duration of BDT soaking time (5-10 s). Longer soaking time of up to 30 s further optimized the
devices, eventually producing the champion cell in Figure 2c¢ in the main text.

Table S2 I-V characteristics of PbSe/TIPS-pentacene devices with increasing PbSe bandgap (which are able to
ionize triplet excitons of TIPS-pentacene).

Ve (V) (m A‘];émz) FF (%) PCE (%)
0.85eV PbSe / TIPS-Pentacene 0.281 14.58 27.32 1.12
0.95eV PbSe / TIPS-Pentacene 0.342 18.02 38.22 2.35
1.05eV PbSe / TIPS-Pentacene 0.413 20.43 37.31 3.15
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Figure S7 1-V curves of PbSe/TIPS-pentacene devices, with increasing PbSe bandgap (but able to ionize triplet

excitons of TIPS-pentacene).

Table S3 I-V characteristics of PbS/TIPS-pentacene devices with increasing PbS bandgap small enough to
ionize triplets from TIPS-pentacene.

Ve (V) (m A];émz) FF (%0) PCE (%)
1.21eV PbS/ TIPS-Pentacene 0.554 12.27 39.40 2.68
1.25eV PbS / TIPS-Pentacene 0.559 16.02 41.07 3.68
1.29eV PbS / TIPS-Pentacene 0.581 15.65 42.76 3.89
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Figure S8 I-V characteristics of PbSe/TIPS-pentacene devices with increasing PbS bandgap small enough to
ionize triplets from TIPS-pentacene.



6. Optical Modelling: IQE Calculations
The refractive indices (n) and extinction coefficients (k) of TiO,, MoO,, PbSe, PbS and TIPS-
pentacene films were measured by ellipsometry, while those of Au® were taken from literature. The n

and k values for ITO and Ag are taken from Burkhard, as well as the script for the transfer matrix
method."
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Figure S9 Transfer matrix optical modelling performed on 1.0 eV PbSe and 1.0 eV PbSe/TIPS-pentacene devices.
In (a), the EQE spectrum of a PbSe-only device was measured (black solid), and its absorbed light fraction
(dash-dot) was obtained by the optical model. The IQE of the PbSe (dot) was then calculated by dividing the
measured EQE (black solid) by its absorption (dash-dot). In (b), using this PbSe IQE, we modelled the PbSe
component (grey solid) of a PbSe/TIPS-pentacene device EQE. The TIPS-pentacene component (black solid, in
(c)) of the device EQE was obtained by subtracting the PbSe component (grey solid) from the measured device
EQE. The TIPS-pentacene IQE (Figure 3c of the main text) was finally obtained by dividing the TIPS-
pentacene EQE (black solid in (c)) by its modelled absorbed light fraction (dash-dot, in (c)). For exact
parameters used, refer to Table S4.
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Figure S10 As above (Figure S5), for the 1.3 eV PbSe and 1.3 eV PbSe/TIPS-pentacene devices.
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Figure S11 As above (Figure S5), for the 1.25 eV PbS and 1.25 eV PbS/TIPS-pentacene devices.

750

Table S4 Summary of layer thicknesses used in the transfer matrix optical modelling presented in Figure S6-S8.

800

Thickness of Layers (nm)

ITO | TiO, | Nanocrystal | TIPS-pentacene | MoOy Au

1.0 eV PbSe-only 125 30 100 -- 12 80

1.0 eV PbSe / TIPS-pentacene 130 20 95 16 10 80
1.3 eV PbSe-only 130 30 90 - 12 80

1.3 PbSe / TIPS-pentacene 115 20 97 16 10 80
1.25 eV PbS-only 110 40 130 -- 10 80

1.25 eV PbS/ TIPS-pentacene 108 30 90 16 10 80
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6.1 Range of Errors and Uncertainties on IQE calculations
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Figure S12 A range of parameters were fitted for the 1.0 eV PbSe/TIPS-pentacene system. In the optical model
we used fixed values for TiO, (20 nm), PbSe (95 nm), MoO, (10 nm), and Au (80 nm), and varied for ITO (128-
133nm), and most significantly for TIPS-pentacene (13 nm, 16 nm and 20 nm). We used as wide a range of
thicknesses for TIPS-pentacene as possible because of its inherent uncertainty in measuring such a thin film
from AFM experimentally. This range of TIPS-pentacene thickness is consistent with those measured with XRD
and ellipsometry. As the modelling is particularly sensitive to thin layers (i.e. TIPS-pentacene), we want to
ensure that our IQE fitting is robust across the entire range of TIPS-pentacene thicknesses. We show here the
results of those three sets of fits, with the two extreme cases (ITO 128 nm and TIPS-pentacene 20 nm in black;
and ITO 133nm and TIPS pentacene 13 nm in light grey) and one average case (ITO 130nm and TIPS-pentacene
16 nm in grey). (a) Absorbed light fraction of the PbSe component (dash) and their contribution to the EQE
(solid) by multiplying the light fraction with the IQE. (b) The corresponding EQE TIPS-pentacene component
(solid), obtained by subtracting the solid curves in (a) from the measured device EQE (black thick solid, in (d)).
Also shown here are the respective TIPS-pentacene absorbed light fractions (dash). (c) The range of
corresponding TIPS-pentacene IQEs for the three sets of parameters, obtained by dividing the solid curves in (b)
by their absorbed light fraction (dash, in (b)), indicating a value of 160+40%. (d) The curves in (a) and (b)
compared to the measured EQE (black thick solid).
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Figure S13 As above, for the 1.3 eV PbSe/TIPS-pentacene system. Similarly, values for TiO, (20 nm), MoOy
(20 nm), and Au (80 nm) were fixed, while ITO, PbSe and TIPS-pentacene were varied. ITO 115 nm, PbSe 97
nm, TIPS-pentacene 20 nm in black; ITO 120 nm, PbSe 97 nm, TIPS-pentacene 16 nm in grey; and ITO 120 nm,
PbSe 98 nm, TIPS-pentacene 13 nm in light grey. We obtain an IQE of approximately 80+20%.
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Figure S14 As above, for the 1.25 eV PbS/TIPS-pentacene system. Thicknesses of ITO (108 nm), TiO, (30 nm),
PbSe (90 nm), MoO, (10 nm) and Au (80 nm) were fixed, while that of TIPS-pentacene (20nm in black, 16 nm
in grey, and 13 nm in light grey) was varied. An IQE of 170+30% is obtained.
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