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Triplet sensitization via charge recombination at
organic heterojunction for efficient near-infrared
to visible solid-state photon upconversion

Yuji Sakamoto!, Seiichiro Izawa® 234™ Hideo Ohkita® !, Masahiro Hiramoto?3 & Yasunari Tamai® 4

Realizing efficient near-infrared to visible photon upconversion in the solid state is pivotal for
commercial applications in various fields. We previously reported a solid-state upconversion
device which imitated the photovoltaic conversion mechanisms of organic solar cells. This
leads to a significant improvement of up to 2.3% in the external quantum efficiency, which is
two orders of magnitude higher than that of conventional devices. Here, we investigate the
upconversion mechanism of this device. We examine exciton and charge dynamics using
transient absorption spectroscopy and find that approximately 67% of incident photons are
utilized owing to fast singlet exciton diffusion in the nonfullerene acceptor layer. Strikingly,
triplet excitons are accumulated near the donor/acceptor interface, enabling accelerated
triplet-triplet annihilation by a factor of more than 10.
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energy photons are converted into a high-energy photon!-8,

Upconversion has attracted considerable interest in various
research fields, such as solar cells, artificial photosynthesis, and
bioimaging, because of its potential applications®%10, Conven-
tional upconversion based on triplet-triplet annihilation (TTA)
undergoes through a sequence of Dexter energy transfer (Fig. 1a).
First, a triplet sensitizer absorbs a low-energy photon and generates
a singlet exciton that is rapidly converted into a triplet exciton via
intersystem crossing (ISC). The triplet exciton is transferred to an
emitter material with low-lying triplet and high-lying singlet state
energies. Then, the triplet exciton diffuses randomly, which inci-
dentally can be regarded as a sequence of the Dexter energy
transfer between emitter materials, and undergoes TTA when it
meets with another emitter triplet, resulting in the formation of a
high-energy emitter singlet, followed by rapid deactivation to the
ground state by emitting upconverted photon. Solution-based
TTA-upconversion has been extensively investigated; for instance,
an internal upconversion quantum efficiency #yc of up to 38%
(out of a maximum of 50%)!! and a high external quantum effi-
ciency (EQE), defined as EQE = ryc x (1—10~4), where A is the
absorbance at the excitation wavelength, of 17.4%!2 have been
reported. In contrast, EQEs of solid-state upconversion have lagged
significantly behind those of solution systems: it remained at less
than 0.1% until we presented a breakthrough report!3-17. This is
largely because of the significantly poor light-harvesting ability of
conventional solid-state upconversion devices, wherein a very small
amount of sensitizers is dispersed in the emitter layer or very thin
layer of sensitizers is placed on the emitting layer.

We previously reported a solid-state upconversion device
enabling near-infrared to visible (NIR-vis) light conversion using
a completely different strategy from that of conventional
upconversion devices, wherein we imitated the photovoltaic
conversion mechanisms of organic solar cells (OSCs), as shown in
Fig. 1b'8. This leads to a significant improvement of up to 2.3% in
EQE, which is two orders of magnitude higher than that of
conventional devices. The key idea underpinning this concept
involves first generating charges at the electron donor/acceptor
(D/A) interface. Then, charge recombination leads to the for-
mation of triplets, which then undergo TTA to form high-energy
singlets, followed by upconversion emission. One of the greatest
advantages of our device is that it can absorb >90% of incident
NIR photons owing to the large absorption coefficient of recent
novel nonfullerene electron acceptors (NFAs) in the NIR region
and a large singlet exciton diffusion constant in the NFA layer
(>10~2 cm? s~ 1, vide infra). It should also be emphasized that, for
practical applications, our devices do not require rare metals, such
as Pt and Pd, which are necessary for conventional upconversion
devices to increase the spin-orbit coupling of sensitizers.

Herein, we examine the exciton and charge dynamics in our
device to provide a comprehensive understanding of the working
mechanisms, which has not been addressed in the previous study.
OSCs require a D/A interface to dissociate singlets into charges
because of the low dielectric constants of organic materials.
Singlet excitons diffuse to the D/A interface and undergo charge
transfer, forming interfacial charge transfer (CT) states, which are
bound electron-hole states trapped at the D/A interface!®. If the
electrons and holes that constitute CT states dissociate beyond
their Coulomb capture radius, they become free carriers (FCs);
otherwise, CT states undergo geminate recombination (GR) to
the ground state?. On the other hand, all FCs finally undergo
bimolecular recombination (BR) in our device as the device is
held at open-circuit condition during upconversion measure-
ments, at which no charges are extracted from the device. Charge
recombination leads to the formation of triplet excitons, which
then diffuse randomly followed by TTA and upconversion

Photon upconversion is a phenomenon in which two low-

emission, as in the case of conventional upconversion devices. We
show that GR does not form triplets, and triplets are generated by
BR. Strikingly, TTA is accelerated owing to the exciton accu-
mulation effect at the D/A interface. We discuss future perspec-
tives for further improving upconversion efficiency.

Results and discussion

Upconversion emission. Our upconversion device consists of a
planar heterojunction (PHJ) of rubrene (100 nm, Fig. 1c) and
ITIC-Cl (23 nm, Fig. 1d) as the electron donor and acceptor,
respectively (the device structure can be found in Supplementary
Note 1)2L. Rubrene is a well-known material in the research field
of upconversion owing to its ideal singlet and triplet energy levels.
In this study, rubrene was deposited as an amorphous film. ITIC-
Cl is a novel NFA utilized in the research field of OSCs, exhibiting
a large absorption band in the NIR region and high transparency
in the visible region (Fig. 1e, the absorption spectra of the PHJ film
can be found in Supplementary Fig. 2)22-2. For upconversion
measurements, the film surface was covered by Al (70 nm), as in
the case of OSCs; thereby, the incident light was reflected by the Al
layer and again through the ITIC-CI layer, which results in ~90%
absorption of NIR light owing to the large absorption coefficient
and optical interference effect (Supplementary Fig. 2)2%27. When
we irradiated the lower-bandgap ITIC-Cl at 750 nm, an orange
upconversion emission was observed even with the naked eye
(inset photograph in Fig. 1e)!8. The maximum EQE of 1.4% was
achieved after photoexcitation at 750nm with a fluence of
>150 mW cm~2. EQE of our device was further improved up to
2.3% when a highly emissive dopant tetraphenyldibenzoperi-
flanthene (DBP) was co-deposited with rubrene owing to the
higher photoluminescence (PL) quantum yield of DBP1428, In this
study, however, DBP was not introduced as our aim in this study
is to examine triplet generation and decay dynamics. The
mechanisms of improvement in the PL quantum yield by adding
DBP have been extensively studied by Bossanyi et al.28.

Charge generation. Figure 2a shows the PL spectra of the PHJ
film as well as a pristine ITIC-Cl film after photoexcitation at
750 nm to selectively excite ITIC-Cl. The PL intensity attributable
to ITIC-Cl fluorescence significantly decreased in the PHJ film
compared with that of the pristine ITIC-Cl film, indicating that
most of ITIC-CI singlets diffuse to the D/A interface, at which
singlet CT (ICT) states are formed. By analyzing the thickness
dependence of the PL quenching yield 7, the diffusion length Lg
and diffusion constant Dg of ITIC-Cl singlets were determined to
be 19.3+3.3nm and 2.7+ 0.9 x 1072 cm?s~1, respectively (see
Supplementary Note 2 for more details). These values are in good
agreement with those for other NFAs including ITIC
derivatives??-31. The diffusion constant of 2.7 x 1072cm?s~! is
considerably larger than that of triplets in typical triplet sensiti-
zers (e.g. the triplet diffusion constant of 4.0 x 107% cm? s~! was
reported for a typical triplet sensitizer PtOEP)32 because singlet
diffusion undergoes through the Forster mechanism, which is a
long-range resonant energy transfer mediated by dipole-dipole
interaction!®. The fraction of incident photons that are converted
into !CT states was evaluated as a product of photon absorption
efficiency at the excitation wavelength (absorbance of ~0.99 at
750nm for the PHJ film, Supplementary Fig. 2) and PL
quenching efficiency (74.4%, Supplementary Table 1). As a result,
we found that ~67% of incident photons were converted into !CT
states. This is in sharp contrast to conventional solid-state
upconversion devices, wherein only a few portions of incident
photons are utilized.

Figure 2b shows the femtosecond TA spectra of the PHJ film.
Here, the excitation wavelength was set to 800 nm to selectively
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Fig. 1 Schematic showing upconversion mechanism. a Upconversion mechanisms of conventional devices. S and E represent triplet sensitizer and emitter,
respectively. Abs, TD, and TET refer to photon absorption, triplet diffusion, and triplet energy transfer, respectively. b Upconversion mechanisms of our device.
A and D represent electron acceptor and donor, respectively. SD, CT, CD, BR, and BCT refer to singlet diffusion, charge transfer, charge dissociation, bimolecular
recombination, and back charge transfer, respectively. ¢, d Chemical structures of rubrene (electron donor, emitter) and ITIC-CI (electron acceptor, absorber).
e Absorption spectra of pristine rubrene (100 nm) and ITIC-CI (23 nm) films. Inset photograph shows the upconversion emission from rubrene after
photoexcitation at 750 nm with a star-shaped LED. The inset photograph was adapted from ref. 18 with permission. Copyright 2021 Springer Nature.

excite the lower-bandgap ITIC-Cl. A sharp photoinduced
absorption (PIA) band attributable to ITIC-CI singlets was
observed at 970 nm immediately after photoexcitation (details of
assignments can be found in Supplementary Note 3)3334. Singlets
decayed on a time scale of a few tenths of picoseconds, whereas a
weak and slightly redshifted PIA band attributable to ITIC-CI
anion remained over 100 ps after photoexcitation®3, indicating
that ICT states are generated at the D/A interface. Charges then
decayed on a nanosecond time scale.

To ensure a more quantitative discussion, the excitation fluence
should be ideally lowered to eliminate the contribution of
undesirable bimolecular processes, such as singlet-singlet annihi-
lation (SSA). However, we could not eliminate the contribution of
SSA even at the lowest excitation fluence of 2.6 pJ cm~2 because of
the relatively fast singlet diffusion. As we measured a PHJ film
with a thin ITIC-CI layer (23 nm), it was very challenging to
eliminate SSA altogether while maintaining a reasonable signal-to-
noise ratio (SNR). Therefore, we also measured a bulk hetero-
junction (BHJ) rubrene/ITIC-Cl film, in which the donor and
acceptor materials form a fine phase-separated morphology (see
Supplementary Note 3 for more details)3”. Figure 2c, d shows the

TA spectra of the BHJ film in the NIR and visible regions,
respectively. The spectral shape is similar to those of the PHJ film.
However, singlets decayed within a few picoseconds in the BHJ
film, considerably faster than that in the PHJ film owing to the
smaller ITIC-Cl domain size; thereby, SSA can be ignored at
excitation fluences below 13 pJ cm~? (Supplementary Note 4).
Charges then decayed on nanosecond time scale, as in the case of
the PHJ film. To distinguish GR from BR, we measured the
excitation fluence dependence of charge decay for the BHJ film
(Fig. 2e) because, unlike BR, GR is independent of the excitation
fluence (see Supplementary Note 5 for more details). We found
that the decay kinetics of charges are independent of the excitation
fluence below 24 pJ cm~2, indicating that GR is the dominant
decay channel for charges on early times at these conditions. By
analyzing the decay kinetics with an exponential function with a
constant fraction (fitting results can be found in Supplementary
Note 6), the dissociation efficiency of !CT states into FCs #cp was
determined to be 15% for the BHJ film. This value should be the
lower limit of #cp for the PHJ film, as the morphology of the PHJ
film is more suitable for charge dissociation (further discussion
can be found in Supplementary Note 6).
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Fig. 2 Charge generation. a PL intensities of the PHJ rubrene/ITIC-ClI film as well as a pristine ITIC-CI film with the same ITIC-CI layer thickness. The PL
intensities were normalized with the peak PL intensity of the pristine film. Excitation light was irradiated from the ITIC-Cl side. b TA spectra of the PHJ film.
The excitation wavelength was 800 nm with a fluence of 2.6 uJ cm~2. The pump and probe pulses were incident from the rubrene side. ¢, d TA spectra of a
BHJ rubrene/ITIC-Cl film in the NIR (c) and visible (d) regions. The excitation wavelength was 800 nm with a fluence of 13 pJ cm~2. e Excitation fluence
dependence of ITIC-Cl GSB recovery monitored at 760 nm (ITIC-CI GSB). f Time evolution of TA signals monitored at 760 nm (ITIC-CI GSB) and 1000 nm

(ITIC-CI anion).

As an alternative approach, #cp of the PHJ film was estimated
from EQE for photovoltaic conversion (EQEpy, Supplementary
Note 8). EQEpy can be expressed as

EQEpy = #yps X g X lcp X flce (1)

where 7, and #cc are the efficiencies of photon absorption
(~0.90, Supplementary Fig. 2) and charge collection to the
respective electrodes, respectively. As we can assume #cc ~0.9
(Supplementary Note 8), #cp is estimated to be ~0.3 at short-
circuit condition, at which no bias is applied to the device and
charges are rapidly extracted from the device. Because #cp at
open-circuit condition (i.e., upconversion and TA measurement
conditions) may be lower than that at short-circuit condition
because of the absence of a large internal electric field, which is
beneficial for charge dissociation3¢, we consider that #cp of our
upconversion devices is in the range of 15-30%.

Importantly, the decay kinetics of charges coincides with the
recovery of GSB (Fig. 2f), and the PIA attributable to ITIC-Cl
triplets, which shows PIA at 1200-1300 nm (Supplementary
Figs. 7, 8), was not observed on the nanosecond time scale. In
addition, the PIA of rubrene, which shows a characteristic PIA at
500 nm?837, was also not observed. These results indicate that GR
does not generate triplets. The spin-mixing rate between !CT and
triplet CT (3CT) is primarily determined by the hyperfine
interaction (HFI)38-42, which leads to ISC on timescales of several
tenth of nanoseconds in the absence of a large magnetic field*3.
Therefore, ISC is usually unable to outcompete the nonradiative
decay of ICT states to the ground state (730 ps in this study,
Supplementary Note 6)*4. This is consistent with the magnetic
field dependence of the upconversion emission intensity per-
formed in our previous study, wherein we did not observe a large
PL intensity change under magnetic fields of <100 mT!8. This

means that BR of FCs is the main channel for the generation of
rubrene triplets (vide infra).

Notably, SSA in the PHJ film is only a problem in femtosecond
TA measurements, and SSA does not limit the upconversion
efficiency under a weak CW excitation (further discussion can be
found in Supplementary Note 22). The upconversion efficiency of
the BHJ film was significantly lower than that of the PHJ film
because rubrene singlets generated through TTA can easily reach
the interfaces again owing to the fine morphology in the BHJ
structure (Supplementary Note 7). Therefore, the PHJ structure is
more suitable for the upconversion application, and hence all the
measurements in the following sections were again carried out
using the PHJ film.

Bimolecular recombination and triplet generation. The lifetime
of FCs in the PHJ device was evaluated using the transient
photovoltage/photocurrent (TPV/TPC) technique (Fig. 3, see
Supplementary Note 9 for details of this technique)#>. The charge
carrier density and lifetime in the PHJ device at 1 sun (AM1.5G,
100 mW cm~2) open-circuit condition were determined to be 3.2
x 1016 cm—3 and 13 s, respectively. These are typical values for
OSCs*>46, Note that the carrier density under the 1 sun illumi-
nation is equivalent to that under monochromatic 750-nm LED
illumination at ~32 mW cm~2 (Supplementary Note 10). In other
words, the charge density under monochromatic illumination at
750 nm with 150 mW cm™2, at which #y¢ reaches the maximum
value because it is far beyond the characteristic threshold inten-
sity Iy, (39 mW cm~2)!8, corresponds to ~4.7 sun illumination.
Under this condition, the charge lifetime was extrapolated to be
~5.7 us (Supplementary Note 10).

Figure 4a shows the microsecond TA spectra of the PHJ film.
The excitation wavelength was set to 700 nm to selectively
excite ITIC-Cl. Charge PIA and the corresponding GSB of
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excitation light intensity of a monochromatic 750 nm LED.

ITIC-Cl were still observed on the microsecond time scale
(Supplementary Note 11). The decay kinetics of charges is again
coincident with the recovery of GSB (Fig. 4b), and the PIA
attributable to ITIC-Cl triplets was not observed (Supplemen-
tary Fig. 16).

Strikingly, in contrast to Fig. 2, a characteristic PIA band
attributable to rubrene triplets was clearly observed at approxi-
mately 500 nm. Emphatically, rubrene triplet PIA was not
observed in a pristine rubrene film after photoexcitation at
700 nm (Supplementary Fig. 17), meaning that rubrene triplets
observed in the PHJ film were generated through BR.

BR of FCs leads to the formation of both !CT and 3CT states
with a ratio of 25:75 (when considering simple spin statistics,
Supplementary Note 12)47-4%. Then, 3CT states undergo back
charge transfer to low-lying local triplet states in either the donor
or acceptor material. Upconversion measurements in the solution
state revealed that triplet energy transfer from ITIC-CI to rubrene
occurs, indicating that the energy level of rubrene triplets lies
below that of ITIC-Cl (Supplementary Note 13). Therefore,
rubrene triplets are preferentially generated over ITIC-Cl triplets
through BR.

Triplet-triplet annihilation. Figure 4c shows the excitation flu-
ence dependence of rubrene triplet decay in the PHJ film. The
triplet decay is independent of the excitation fluence at later times
(approximately > 10 ps), indicating the absence of TTA. The
intrinsic triplet lifetime 71 was determined to be 23 ps by fitting
the later time decay with an exponential function, which is in
good agreement with that obtained in a previous study®’. In
contrast, triplets decay faster with increasing excitation fluence at
early times, indicating the contribution of TTA. Therefore, we
analyzed the decay curves with a rate equation including TTA
(Eq. (2))51-5%.

noexp (—kqt)
1 —i—%y [1 - exp(—thH

np(t) = ()

where ny(t), ng, kr, and y are the triplet exciton density at time ¢
after photoexcitation, initial triplet density, rate constant of
monomolecular deactivation given by the inverse of the triplet
lifetime 77, and rate constant of TTA, respectively (see Supple-
mentary Note 14 for more details).

Importantly, only the lowest fluence curve (3.8 pJ cm~2, Fig. 4d
blue line) can be relatively well fitted with Eq. (2) (details of the
fitting results can be found in Supplementary Note 18). Because
the widely used TTA model (Eq. (2)) assumes a uniform
distribution of excitons in the film, the fact that the fitting with
Eq. (2) does not work well in our PHJ film suggests that the
density gradients of rubrene triplets across the rubrene layer
affect the TTA dynamics, as discussed in detail in the next
section. Note that y was tentatively determined to be 7.0 x
10713 cm3s~! from the fitting (3.8 pJ cm—2).

To gain further insights regarding TTA dynamics, we
performed TA measurements on a pristine rubrene film with an
excitation wavelength of 532 nm. Upon photoexcitation of rubrene
at 532 nm, rubrene singlets were generated, which then underwent
singlet fission to form triplets (Supplementary Notes 15-17)2837,
Because the absorption coefficient of rubrene is relatively small
(absorbance is ~0.2 at 532 nm for 100 nm thick rubrene, Fig. le),
we can assume that triplets were uniformly generated across the
film. Interestingly, triplet decay dynamics can be well fitted with
Eq. (2) irrespective of the excitation fluence (Supplementary
Fig. 21b). Most importantly, y was determined to be 1.1 x
10713 cm3 s~1, which is considerably smaller than that tentatively
determined from the PH]J film, suggesting that TTA is enhanced in
the PHJ film (see Supplementary Notes 15-17 for more details).

To confirm our hypothesis, we also evaluated y by the
excitation fluence dependence of upconversion emission intensity
as an alternative approach. The threshold intensity I, above
which #yc approaches its maximum value, of our device is
expressed as

1

= e o 2 3
0-75“’7q’YCDYT% ®)

Iy
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Fig. 4 Charge and triplet exciton dynamics. a TA spectra of the PHJ rubrene/ITIC-CI film. The excitation wavelength was 700 nm with a fluence of
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(orange, excited at 532 nm with a fluence of 0.54 pJ cm=2). The gray lines represent the best fitting curves with Eq. (2).
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intrinsic lifetime and 7. The lifetime of 1CT states of the PHJ film was assumed to be the same with that of the BHJ film. The lifetime of FCs was
extrapolated to be ~5.7 s under the 750-nm LED excitation at 150 mW cm~2,

where « is the absorption coefficient of the upconversion device at
the excitation wavelength (see Supplementary Note 20 for more
details). The experimental results presented above lead to an
effective TTA rate constant y°ff of 125 x 107 13cm?s~! (we
assumed #cp of 0.2), where the word “effective” is used to denote
the apparent TTA rate constant by taking into account the exciton
accumulation effect. This value is approximately one order of
magnitude larger than that obtained from TA measurements of the
rubrene pristine film but close to the roughly estimated y from the
PHJ film. It should be emphasized that this value was obtained
under actual upconversion measurement conditions using a CW
LED light source; thereby, this reflects the actual situation of the
PHJ film most accurately. This result confirms our hypothesis that

TTA is enhanced in the PHJ film. As we reported previously,
exciton accumulation in a small region has a positive impact on
accelerating TTA because TTA is a bimolecular reaction!”. As the
diffusion length of rubrene triplets in amorphous film was
determined to be ~11nm (Supplementary Note 15), which is
considerably shorter than the rubrene layer thickness (100 nm), a
large exciton density gradient should exist across the rubrene layer
(Supplementary Note 19). Figure 5a shows the probability density
function (PDF) of rubrene triplets, wherein rubrene triplets were
accumulated within the first 20 nm region even if the contribution
of TTA was disregarded. When TTA is taken into account, triplets
are further accumulated near the D/A interface because the
apparent triplet lifetime (apparent diffusion length) will be
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shortened in the presence of TTA. If we assume that the triplet
lifetime is reduced by 1/3, >90% of triplets are accumulated within
the first 15 nm region (blue line). This is in good agreement with an
experimentally determined spatial distribution of rubrene triplets
reported previously>®. This is the origin of the efficient TTA in the
PHJ film despite the amorphous nature of the rubrene layer
(Supplementary Note 21).

Conclusion

In this study, we comprehensively investigated the upconversion
mechanisms in a PHJ film consisting of rubrene and ITIC-CL
Figure 5b summarizes the upconversion mechanism with the
quantum efficiency of each fundamental photophysical process,
where the quantum efficiency of TTA #pra (out of a maximum of
100%) was calculated with the following equation:

1
EQE = 5 Mabs X Mg Mep > M3cr X Mrra > Mer (4)

The success of this device is owing to the large absorption
coefficient in the NIR region including the optical interference
effect (high #,y), fast singlet diffusion in the NFA layer (high #,),
and efficient TTA by triplet accumulation near the D/A interface
(high 7rra). In contrast, the remaining challenge is the geminate
recombination loss of ICT. fcp of the PHJ device was estimated
in the range of 15-30%, which is the greatest bottleneck in our
device. This value is considerably lower than that of the state-of-
the-art OSCs, where #cp is ~100%. Recent studies have pointed
out that the energy cascade near the D/A interface is a key driver
for efficient charge dissociation®®~>8. Therefore, optimizing the
interfacial structure will further improve #cp, and, hence, nyc
and EQE%9-61,

Methods

Device fabrication. Rubrene (Tokyo chemical Industry, sublimed grade) and
ITIC-Cl (Ossila) were used without further purification. Chloroform solution
containing 2.5 mg mL~! of ITIC-Cl was spin-coated onto quarts substrates in a N,-
filled glovebox (UNICO). Rubrene layer was deposited on the top of ITIC-Cl by
thermal evaporation (0.1 nm s~!) under high vacuum (~10~% Pa) in a vacuum
evaporation system (ULVAC, VTS-350M), housed inside a N,-filled glovebox
(Miwa, DSO-1.5S MS3-P). The film surface was covered by Al (70 nm) for
upconversion emission measurements while it is maintained transparent for other
optical measurements. All films were encapsulated by a glass substrate and
epoxy resin.

Steady-state absorption and emission spectra. UV-visible absorption spectra
were acquired using a UV-visible spectrometer (Jasco, V-570). PL spectra were
measured using a fluorescence spectrophotometer (Horiba Jobin Yvon, FluoroLog)
equipped with an photomultiplier tube (Hamamatsu, R928P). A single-color LED
(Thorlabs, LED750L) with a constant current flow controlled by a source meter
(Keithley, 2450) was used as an excitation source. The center wavelength and
bandwidth of the LED were 750 nm and 23 nm, respectively. The LED light was
focused on the sample by an aspheric lens. The spot size of the incident light was
measured by a beam profiler and the beam diameter, defined as 1/e? width, was
4.01 mm. The excitation intensity was measured by using a power meter (Ophir
Photonics, 3A-P). The PL decay kinetics were measured by the time-correlated
single-photon-counting (TCSPC) method (Horiba Jobin Yvon, FluoroCube).

TA measurements. Femtosecond TA data were collected using a pump and probe
femtosecond TA spectroscopy system, which consisted of a TA spectrometer
(Ultrafast Systems, Helios) and a regenerative amplified Ti:sapphire laser (Spectra-
Physics, Hurricane, and Solstice). A fundamental pulse with a wavelength of

800 nm was used as the excitation source for ITIC-Cl. The TA data were collected
over a time range from —5 ps to 3 ns. Femtosecond TA data of the PHJ film were
denoised by total variation (TV) regularization method to increase SNR. Details of
this method are described elsewhere®.

The microsecond TA data were collected using a sensitive microsecond TA
system. A Nd:YAG pumped OPO-laser (EXPLA, NT342) operating at a wavelength
of 700 nm with a repetition rate of 20 Hz was used as the excitation source for
ITIC-CI, whereas a higher repetition rate Nd:YAG laser (Elforlight, SPOT-10-200-
532) operating at a wavelength of 532 nm with 128 Hz was used as the excitation
source for rubrene. White light from a tungsten lamp with a stabilized power
source was used as the probe light. Two monochromators and appropriate optical

cut-off filters were placed before and after the sample to increase SNR. Further
details of our TA setup have been presented elsewhere®2.

TPV/TPC measurements. TPV and TPC were measured under bias white light
illumination from a white LED with various intensities. A Nd:YAG laser (Elfor-
light, SPOT-10-200-532) operating at a wavelength of 532 nm with 100 Hz was
used as a small perturbation source. The transient photovoltage generated by the
laser pulse was monitored with a 200-MHz digital oscilloscope (Tektronix,
TDS2022B). The input impedance of the oscilloscope was set to 1 MQ for TPV
measurements to hold the device at open-circuit condition, whereas it was 50 Q for
TPC measurements to hold the device at close to short-circuit condition. Transient
current was calculated on the basis of Ohm’s law.

Data availability
The data supporting the results of this work are available from the corresponding author
upon reasonable request.

Code availability
The codes used in this work are available from the corresponding author upon
reasonable request.
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