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Single photovoltaic material solar cells with
enhanced exciton dissociation and extended

electron diffusion
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Typical organic photovoltaic semiconductors exhibit high exciton binding energy,
hindering the development of organic solar cells based on single photovoltaic
materials (SPM-OSCs). Zhang et al. report that Y6Se exhibits enhanced exciton
dissociation and extended electron diffusion length, leading to enhanced device

efficiency in SPM-OSCs.
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Hong Wang,'“ Yuanping Yi,"* Chuang Zhang,'* Ye Yang,® Weigao Xu,”* and Yuze Lin"#¢*

SUMMARY

Typical organic photovoltaic semiconductors exhibit high exciton
binding energy (E,, typically >300 meV), hindering the development
of organic solar cells based on a single photovoltaic material (SPM-
OSCs). Herein, compared with the control molecule (Y6), Y6Se with
selenium substitution exhibits reduced E, and faster relaxation of
the exciton state or the intermediate intra-moiety excimer state,
indicating that the exciton dissociation in Y6Se film can be driven
by lower energy. The SPM-OSCs based on YéSe film without and
with 1 wt % p-type polymer additive exhibit long charge-carrier life-
time, and extended electron diffusion length, leading to impressive
power conversion efficiencies of 3.07% and 3.94%, respectively,
which are significantly higher than those values reported for SPM-
OSCs based on single photovoltaic small molecules in the literature.
In addition, the SPM-OSCs based on Y6Se show superior thermal
stability, relative to the typical bulk heterojunction OSCs based on
Y6Se blending with polymer donor.

INTRODUCTION

Organic solar cells (OSCs) have attracted considerable attention due to their advan-
tages, including low cost, flexibility, and solution processing.'™ Recently, power
conversion efficiencies (PCEs) greater than 18% have been achieved in bulk hetero-
junction (BHJ) OSCs, with active layers fabricated by blending donor and acceptor
materials.®” Compared with high-performance inorganic/hybrid counterparts,
typical organic photovoltaic materials exhibit high exciton binding energy (E,).%’
This results in unavoidable energy losses, although the additional interface energy
offset in BHJ active layers can promote exciton dissociation.'”"" In addition, the
complexity of the blended active layers has made the study of the mechanism
more complicated, and BHJ-OSC active layers suffer from morphological instability,
which hampered the commercialization of OSCs."*”"® In comparison, single photo-
voltaic materials (SPM-OSCs), which are composed of a single component as photo-
active material that generates and transports free charge carriers, present some ad-
vantages, such as simpler device structures and a more stable active layer
morphology with smaller energy disorder, which should resultin a higher upper limit
of device efficiency and stability (Scheme 1A)."® Different from the exciton dissocia-
tion process at the donor/acceptor interface and electron and hole transport along
the acceptor and donor phases within active layer blend of BHJ-OSCs (Scheme 1B),
respectively, free charge carriers are generated in SPM-OSCs in two ways. Excitons
spontaneously dissociate aided by the built-in field or interfacial dipole effect at the
contact layer/active layer interface, and then both the hole and electron transported
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(A) Relative to BHJ-OSCs, the SPM-OSCs with simpler device structures exhibit smaller energy disorder and more stable active layer morphology, which

indicates a higher upper limit of device efficiency and stability. BHJ is bulk heterojunction, SPM s single photovoltaic material, the orange lines stand for

polymer donors, and blue ellipses stand for small molecule electron acceptors. Charge-generation and charge-transport process in (B) BHJ-OSCs and
(C) SPM-OSCs. Black solid arrow: exciton diffusion. Black dotted arrows: exciton dissociation at interface. Blue dotted arrows: exciton spontaneous
dissociation. Blue solid arrows: electron transport. Orange solid arrow: hole transport. HTL, hole transporting layer; ETL, electron transporting layer.

in SPM-OSCs along single component material to the anode and cathode with the
contact layers, respectively (Scheme 1C). Low-energy-driven exciton dissociation
and high free charge-carrier transport/diffusion properties are important to achieve
high-performance SPM-OSCs. However, the low efficiency of exciton dissociation
within pristine organic semiconductors (Ep, typically >300 meV)® has severely limited
the development of SPM-OSCs. At present, the active layer materials developed for
SPM-OSCs mainly include D-A conjugated small molecules,’’"'® block polymers,'?

and double-cable molecules/polymers,*®?’

all of which integrate the electron
donating and withdrawing units on the same molecule/polymer through -7 conju-

gated or flexible alkyl chain in order to boost exciton dissociation.

Compared with block polymers and double-cable molecules/polymers, D-A mole-
cules have simpler chemical structures and/or are easier to be synthesized.”” With
the rapid development of fused ring electron acceptors (FREAs) since 2015,%%%
very small, even “zero” energy offset was required to achieve effective dissociation
of excitons at the interface between electron donors and FREAs.?’ Y Very recently,
the theoretical study by Wei, Yi et al. has shown that high-performance FREA (Y6,
Figure 1A; full chemical names are provided in Note S1) exhibit small E, of
—0.11~0.15 eV,*" while Zhang et al. found that intra-moiety excimer (i-Ex) states,
rather than the traditional charge transfer (CT) states, act as the intermediate for
the hole transfer channel in Yé-based OSCs.*? Hodgkiss et al. indicated that free
charges exist in equilibrium with excitons in Y6 films.* These studies indicate that
exciton dissociation with minimal additional driving force may take place in Y6,
opening the door for the development of SPM-OSCs. However, there are very few
studies on SPM-OSCs with FREAs, and most of them show PCEs lower than 2%
(Table S1), for example, Yé6-based SPM-OSCs showed PCE of only 0.42% to
1,99 1831
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Figure 1. Molecular structures, exciton binding energy, and exciton dissociation kinetics

(A) Molecular structures of the Y6 and YéSe.

(B) UPS and LEIPS spectra of Y6Se with respect to the Fermi energy level (Ef) at 0 eV (work function
[WF] values are labeled).

(C) Integrated PL intensity as a function of temperature from 80 to 300 K for the YéSe films.

(D) The time-resolved PL spectra for Y6 and YéSe film.

Here, we focus on SPM-OSCs based on FREAs with a detailed study of the exciton
dissociation kinetics and charge-carrier diffusion of Y6 and Yé6Se (Figure 1A, full
chemical names are provided in Note S1) films by temperature-dependent photolu-
minescence (PL), transient absorption spectroscopy (TA), magneto-photocurrent
(MPC), transient photovoltage (TPV) measurements among others. Compared with
Y6 films, Y6Se, with selenium substitution, show a reduced activation energy (E, of
1.0 meV) of nonradiative state back to exciton state, decreased E,, longer charge-
carrier lifetime, and extended electron diffusion length, leading to higher PCEs in
SPM-OSCs with copper thiocyanate (CuSCN)/sodium thiocyanate (NaSCN) as hole
transporting layer (HTL). Adding 1wt % polymer additive, the PCE of the SPM-
OSCs based on Y6Se achieve to 3.94%, which is much higher than those of the values
reported in the literature for SPM-OSCs based on D-A molecules including FREAs. In
addition, SPM-OSC devices show much better thermal stability than those tradi-
tional BHJ devices.

RESULTS AND DISCUSSION

Exciton binding energy

We have previously demonstrated that Y6Se with selenium substitution exhibited
lower energy disorder, more ordered molecular packing, and higher electron
mobility than Y6. Then, the BHJ-OSCs based on YéSe acceptor showed superior per-
formance than that of Yé-based control devices.?” These results suggest that YéSe
may have potential on SPM-OSCs. One of the key factors to determine the perfor-
mance of SPM-OSCs is the Ep, which is defined as the difference between the trans-
port gap and optical band gap.® Transport gap can be obtained from the difference
between the ionization potential (IP) and the electron affinity (EA).® Theoretically, itis
straightforward to determined E, in the gas phase by electronic structure
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calculations.®* Y6Se exhibited relatively larger molecular dipole and smaller E, (0.35
eV) than Y6 (0.36 eV) according to the density functional theory (DFT) and time-
dependent DFT (TDDFT) calculations (Table S2). Experimentally, the IP and EA of
thin film can be measured by ultraviolet photoelectron spectrometry (UPS) and
low-energy inverse photoemission spectrometry (LEIPS), respectively.*® From the
difference of IP and EA, the transport gap of YéSe thin film was determined to be
1.57 eV (Figure 1B). Y6Se thin film showed an optical band gap of 1.32 eV.”> As a
result, the Ep, of Y6Se thin film was 0.25 eV, smaller than the value (0.30 eV) of Y6
thin film obtained by the same method.*® The joint theoretical and experimental
study indicated that YéSe with reduced E, required lower driven energy for exciton
dissociation than that of Y6 film.

Exciton dissociation kinetics

Then, we further study the exciton dissociation kinetics of neat YéSe film by tempera-
ture-dependent PL spectrometry, and time-resolved photoluminescence (TRPL). As
the temperature gradually increases from 80 K to 300 K, the PL peaks of YéSe are
blue-shifted while their PL intensities are enhanced (Figure ST and 1C).>" This abnormal
phenomenon is consistent with what was observed of Y6 thin film in the recent study by
Wei, Yi et al.>" Here PL was from emissive excitons, which was confirmed by light inten-
sity dependent PL measurement (Figure $2).%” Along with increasing temperature, the
relaxation of nonradiative state back to emissive excitons is facilitated, and the E, for
backward to exciton conversion can be obtained by fitting the temperature depen-

dence of PL intensity I(T) with the Arrhenius Equation 138,
’(Ii) = 1+ Ael-E/keT) (Equation 1)
0

where Iy is the intensity at 0 K, kg is the Boltzmann constant, and T is the sample tem-
perature. Compared with the E, (18.5 meV) of Y6 thin film calculated by the same
method,>' Y6Se exhibited a much smaller E, of 1.0 meV, leading to fast inter-conver-
sion between the excitonic state and nonradiative state of Y6Se thin film. This small
energy gap benefited free carriers generated after photoexcitation in YéSe film with
minimized additional driving force at room temperature. Then TRPL study revealed
Yé6Se thin film showed shorter PL lifetime (0.77 ns) than that (1.14 ns) of Y6 thin film
(Figure 1D). This phenomenon supported the process of exciton transformation to
other state within YéSe was faster than Yé.

Then, TA measurement was carried out to further confirm the exciton dissociation
dynamic process in the Y6 and YéSe thin films (Figures 2A-2E). Both Y6 and Y6Se
thin films display a strong photoinduced absorption band centered at around
1560 nm, which has been attributed to the i-Ex state.” This i-Ex state was believed
to be the intermediate state in the exciton dissociation and transport in the films. The
formation rate of i-Ex absorption in Y6 and YéSe are similar, while the i-Ex absorption
in the former decays slower than thatin the latter, which may suggest that the exciton
state or the intermediate i-Ex state relaxes faster in the YéSe film than that in the Y6
film. This phenomenon supported the process of exciton dissociation within Y6Se
was faster than Y6, which is consistent with the results of PL and TRPL.

Photovoltaic performance

In view of smaller E, and faster relaxation of exciton state or the intermediate i-Ex
state, Y6Se has more potential in SPM-OSCs than Y6. To demonstrate the applica-
tion of Y6 and YéSe in SPM-OSCs, we fabricated SPM-OSCs employing structure
of ITO/CuSCN/NaSCN/Y6 or YéSe neat film/(2-(1,10-phenanthrolin-3-yl)naph-
th-6-yl)diphenylphosphine oxide (Phen-NaDPOQO)/Al. CuSCN, an intrinsically p-type
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Figure 2. Exciton dissociation kinetics

(A and B) Pseudo-color images of the TA spectra for the neat Y6 film (A) and neat Y6Se film (B). The vertical and horizontal axes represent the delay and

probe wavelength, respectively. Both samples were pumped at 800 nm.
(C and D) TA spectra recorded at indicated delays for the neat Y6 film (C) and neat Y6Se film (D).

(E) Comparison between the normalized TA kinetic traces probed at 1,560 nm between the neat Y6 and Y6Se samples.

inorganic semiconductor with the highest occupied molecular orbital (HOMO) en-
ergy level of —5.3 eV*? (Figure 3A), can form heterojunction with Y6 or Y6Se to pro-
mote exciton dissociation and hole transfer. Moreover, Nelson et al. demonstrated
that photogenerated excitons in organic semiconductors can be effectively con-
verted into free charges through the mediation of CT states at the CuSCN/organic
semiconductor interface.”? It should be pointed out here that although CuSCN is
a p-type semiconductor, CuSCN does not contribute photoinduced charge carriers
in devices due to its negligible absorption after 325 nm.*" NaSCN post-treating has
been found to improve hole conductivity and reduce trap density of CuSCN film.*
Phen-NaDPO is a wide bandgap electron-transport layer, which can effectively block
holes.*® The current density-voltage (J-V) curves of the SPM-OSCs based on Y6 and
Y6Se under the illumination of AM 1.5G, 100 mW cm ™2 are shown in Figure 3B. The
SPM-OSCs based on Y6Se neat film show the optimized PCE of 3.07% with a short
circuit current density (Js¢) of 7.36 mA cm™2. The detailed photovoltaic data for
different YéSe film thicknesses are shown in Figure S3 and Table S3. In contrast,
SPM-OSC based Y6 showed a PCE of 3.03% with Jsc of 6.97 mA cm~2. The maximum
value of external quantum efficiency (EQE) of CUSCN/NaSCN/Y6Se or Y6 based de-
vices exceeds 28% or 25%, respectively (Figure 3C), indicating that efficient exciton
dissociation and free charge generation in CuSCN-based devices.

Mechanism of exciton dissociation

To investigate the mechanism of exciton dissociation in CuSCN-based devices, we
fabricated SPM-OSCs by replacing CuSCN/NaSCN with poly(3,4-ethylenedio-
xythiophene):poly(styrenesulfonate) (PEDOT:PSS), which lacks an appropriate
interface for charge separation.’® As shown in Figure S4A, the EQE spectra of both
devices based on Y6 and YéSe show a photovoltaic response in the whole absorption
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Figure 3. Energy levels and device performance

(A) Energy diagram relative to the vacuum level.

(B and C) (B) J-V curves and (C) EQE spectra of the SPM-OSCs based on different active layer with
CuSCN/NaSCN as HTL.

(D) Efficiency evolution of SPM-OSCs based on conjugated small molecules, and the detailed
parameters are summarized in Table S1.

range of the Y6 and Y6Se film, confirming there is free carrier originating from the
exciton spontaneous dissociation of Yé or YéSe film. These results indicate that
charge generation is derived from both exciton spontaneous dissociation and
exciton dissociation at the CuSCN/Y6 or YéSe interface in CuSCN-based devices.
Compared with Yé-based devices with PEDOT:PSS HTL (0.22 mA cm~?), the
higher Jsc (0.63 mA cm™2) and higher EQE of Yé6Se-based devices supported more
effective free carrier generation within SPM-OSC based on Y6Se film at room temper-
ature (Figure S4B). Moreover, the Jsc of YéSe is one order of magnitude higher than
that (0.047 mA cm~2) of devices based on ITIC with higher E, (70.4 meV).>" These re-
sults indicated more effective free carrier generation in Y6Se can be attributed to
faster relaxation of exciton state or the intermediate i-Ex state as mentioned above.

MPC measurementwas further carried out to investigate the charge separation within
neat Y6- or Y6Se-based devices with the structure of ITO/CuSCN/NaSCN/Yé or
Y6Se/Phen-NaDPO/AL. Relatively small (~0.1%) but significant change in photocur-
rent is induced by applying a magnetic field of 150 mT (Figure 4A), indicating a small
fraction of e-h pair, i-Ex state, and/or CT state could be observed in both Yé- and
Y6Se-based devices before they have dissociated to free charge carriers. The weakly
bounded e-h pair (or i-Ex state and/or CT state) contains two spin-1/2 particles, in
which the applied magnetic field would alter its configuration between singlet and
triplet and consequently change the photocurrent in devices. Relative to Y6, Yé6Se-
based device showed a broader MPC response with a larger full width at half
maximum (FWHM) of 112 mT (versus 72 mT for Yé-based device) under illumination
(Figure 4A), which indicated short-lived characteristics of e-h pairs (or i-Ex state and/
or CT state) within Y6Se, as the singlet-triplet conversion requires a high spin proces-
sion frequency and thus reaches saturation at a relatively large field.* These results

6 Cell Reports Physical Science 3, 100895, June 15, 2022
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Figure 4. Exciton dissociation, charge-carrier recombination/diffusion

(A-C) (A) Magneto-photocurrent of Y6- and Y6Se-based SPM-OSCs, the solid lines are Lorentzian
fits. Light intensity dependence of Jsc of the SPM-OSCs based on Y6Se (B) and Y6 (C) with
PEDOT:PSS or CuSCN/NaSCN as HTLs.

(D-F) (D) Schematic illustration of the TPV setup. TPV curves of the SPM-OSCs based on Y6Se

(E) and Y6 (F) with CuSCN/NaSCN as HTLs, with and without 1 wt % PMé additive.

supported that shorter lifetime of e-h pairs (or i-Ex state and/or CT state) in YéSe-
based devices contributed to higher Jsc, compared with Yé-based control devices.

Charge-carrier recombination and diffusion

Free charge carrier generated by exciton dissociation can only contribute to the photo-
current when they are collected by the corresponding electrodes. The efficiency of
charge extraction is primarily determined by the kinetic competition between bimolec-
ular recombination and charge transport.*” First, light intensity (P) dependent Jsc was
investigated to understand the charge recombination behavior in the devices. The cor-
relation of Jsc and P can be described as Jsc o« P*. When a is closer to 1, it indicates that
bimolecular recombination is negligible.”® Remarkably, there is almost no bimolecular
recombination in all Y6Se-based devices (o = 1, Figure 4B), independent of HTL layer.
In contrast, the fitted o value was as low as 0.893 for Yé6-based devices with
PEDOT:PSS HTL, and then Yé-based devices with CuSCN/NaSCN HTLs still exhibited
o values of 0.987 (Figure 4C). Typically, bimolecular recombination process results
from radiative recombination between unbound electrons and holes in direct-gap semi-
conductors.*” Then the radiative recombination rate constant (k,) is proportional to Eg|
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Po|?, where Eg is bandgap and |P.,|? is the interband transition matrix element. |P,|* is
positively related to E,.**° These results indicated that the negligible bimolecular
recombination of Y6Se can be attributed to low E,. Then, we studied the transport/diffu-
sion properties of free carriers. The carrier diffusion length (Lp) was calculated according
to Equation 2°™:

ks T

Lp = T'M (Equation 2)

where kg is Boltzmann’s constant, T is the temperature, u is the carrier mobility, and 7 is
the carrier lifetime. TPV measurements were used to study the charge-carrier lifetime by
recording the transient voltage decay of the device under open-circuit conditions under
continuous illumination before a small perturbative light pulse was injected (Fig-
ure 4D).°? The charge-carrier lifetime of YéSe-based devices with CuSCN HTL is
4.1 ps (Figure 4E), which is higher than that (1.8 ps) of Yé-based devices (Figure 4F).
These results indicated slower charge-carrier recombination occurred within the
Yé6Se-based devices than the Y6 based ones. The enhanced charge-carrier lifetime
within YéSe can be attributed to the lower trap density of YéSe calculated from

~3 versus Yé:

space-charge-limited-current measurement (Y6Se: 5.1 x 10'® cm
6.4 x 10" cm~3).% In our device configuration, most excitons generated and dissoci-
ated at the side away from the cathode, thus electron diffusion length is critical to
charge-carrier extraction. The electron mobility of Y6 and Y6Se are 1.7 x 107% cm?
Vs and 2.7 x 107* cm? V' 577, respectively.” The electron diffusion length of
Y6Se is 53 nm in CuSCN-based devices, while the electron diffusion length of Yé is
only 29 nm. In addition to negligible bimolecular recombination, the longer charge-car-
rier lifetime and electron diffusion length within YéSe film, which benefited charge
extraction in the device, contributed to the higher photocurrent and efficiency of

SPM-OSCs based on YéSe, relative to the Yé-based control device.

The effect of the hole transporting polymer

Moreover, the devices based on Y6Se with 1wt % hole transporting polymer (PM6,
Figure S5) demonstrated a PCE of 3.94% with a Jsc of 11.61 mA cm™2, higher
than those (PCE of 3.70% and Jsc of 9.85 mA cm~?) of the devices based on Y6 (Fig-
ure 3B). Compared with the devices based on Y6 (42%), the corresponding
maximum EQE based on Y6Se devices is increased to 45% (Figure 3C). The PCE
of 3.94% is significantly higher than those values reported for SPM-OSCs based
on single photovoltaic small molecules in the literature (Figure 3D). To explain
how PMé improves the device performance, we evaluated the variation of hole
mobility, PL intensity, and carrier lifetime after adding 1wt % PMé. The organic
field-effect transistor (OFETs)-based Y6Se (6.7 x 1072 cm? V™" s~ ") and Y6Se with
Twt % PM6 (7.0 x 103 ecm? V' s7) displayed similar hole mobilities (Figure Sé).
Compared with pure YéSe film, Y6Se with 1wt % PMé film showed slightly PL
quenching (~7%) at the same film thickness resulting from hole transfer from YéSe
to PMé (Figure S7). Therefore, slightly enhanced hole mobility and hole transfer
may not be the main factors for improved PCE. Moreover, with the addition of 1wt
% PM6, both Y6- and Yé6Se-based devices showed the obviously increased
charge-carrier lifetime to 2.1 ps or 4.9 ps, respectively (Figures 4E-4F), which re-
sulted the extended electron diffusion length (Y6: 30 nm and YéSe: 59 nm). It
should be noted here the increased charge-carrier lifetime by adding small amounts
of polymer may be relevant to trap passivation and/or suppressing Langevin recom-
bination, which requires more investigations in the future. Along with negligible
bimolecular recombination (Figures 4B-4C), the enhanced electron diffusion
lengths should be the dominated factor for improved EQE and PCE in devices
with 1wt % PMé additive.

8 Cell Reports Physical Science 3, 100895, June 15, 2022

Cell Rerrts )
Physical Science



diffusion, Cell Reports Physical Science (2022), https://doi.org/10.1016/j.xcrp.2022.100895

Please cite this article in press as: Zhang et al., Single photovoltaic material solar cells with enhanced exciton dissociation and extended electron

Cell Rer_)orts .
Physical Science

Thermal stability

In addition, we compared the stability of Y6Se-based SPM-OSCs and BHJ-OSCs under
thermal annealing. As-cast Y6Se-based SPM-OSCs with CuSCN HTL maintained around
96% of its initial PCE after 30 min heating at 85°C (Figure S8A left). The slight attenuation
of device performance was attributed to the decrease of open-circuit voltage (Voc),
which could be seen in Figure S8B-S8D left. Polymer additive obviously accelerated
the device degradation under thermal annealing (Figure S8). At the same thermal pres-
sure, the BHJ-OSCs with blend active layer of PMé:YéSe (1:1.2, w/w) showed a sharp
degradation to only around 20% of its initial PCE (Figure S8A left). After heating at
85°C for 60 h, the PCE of SPM-OSCs still remained around 67% of the initial value (Fig-
ure S8A right), along with Vioc, Jsc, and fill factor maintained 85%, 93%, and 80% of the
initial value, respectively (Figure S8B-S8D right), which can be attributed to stable active
layer morphology in SPM-OSCs based on neat active layer.

In summary, the detailed exciton dissociation kinetic studies supported exciton dissoci-
ation of Y6Se was easier than Yé. Then, the SPM-OSCs based on Yé6Se show long
charge-carrier lifetime and extended electron diffusion length, leading to high EQE
and PCEs. The PCE was further improved to 3.94% with a maximum EQE value of 45%
by further extended electron diffusion by using 1wt % PMé additive in Y6Se active layer.
To our knowledge, the 3.94% PCE is the record value reported for SPM-OSCs based on
D-A small molecules. The impressively improved device efficiency and very good thermal
stability of SPM-OSCs achieved in this study boost us to believe the SPM-OSCs provide a
promising option for OSC commerecialization. Further, developing photovoltaic materials
with lower E, and higher free charge-carrier diffusion length (carrier mobility and lifetime)
should be critical for SPM-OSCs in future. In particular, if £, can be reduced to ~25 meV
(the thermal energy at room temperature) by molecular engineering, such as turning the
symmetric backbone into an asymmetric structure, introducing polar groups, etc., the
exciton will spontaneously dissociate into free charges like inorganic semiconductors.
Moreover, long carrier diffusion length can be achieved by designing high carrier mobility
and long carrier lifetime materials with improved intermolecular interaction and low trap
density. The SPM-OSCs should be capable of achieving high efficiencies comparable to
those of commercial inorganic solar cells, given that exciton dissociation and charge-car-
rier diffusion within single organic photovoltaic semiconductors is efficient enough.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-
filled by the lead contact, Yuze Lin (linyz@iccas.ac.cn).

Materials availability

No new materials were generated within this work. The full chemical names of active
layer materials used in this work are provided in Note S1. PM6 was purchased form
Solarmer Materials Inc. Y6 was purchased from eFlexPV Ltd. YéSe was synthesized
according to the literature procedures.””> CuSCN and diethyl sulfide (DES) were pur-
chased from Tokyo Chemical Industry. NaSCN was purchased from J&K Scientific
Ltd. Phen-NaDPO was purchased from PURI Materials Technologies Co., Ltd.

Data and code availability

All data reported in this paper will be shared by the lead contact on request. This pa-
per does not report original code. Any additional information required to reanalyze
the data reported in this paper is available from the lead contact on request.

¢? CellPress

OPEN ACCESS

Cell Reports Physical Science 3, 100895, June 15, 2022 9



mailto:linyz@iccas.ac.cn

diffusion, Cell Reports Physical Science (2022), https://doi.org/10.1016/j.xcrp.2022.100895

Please cite this article in press as: Zhang et al., Single photovoltaic material solar cells with enhanced exciton dissociation and extended electron

¢? CellPress

OPEN ACCESS

Theoretical methodology

The molecular geometries were optimized by DFT at the B3LYP/6-31G(d,p) level. To
obtain a reliable description, the electronic properties were then calculated by DFT
and time-dependent DFT (TDDFT) with the long-range-corrected (LRC) functional
wB97X and the 6-311G(d,p) basis set. Moreover, the range separation parameter
(w) of the LRC functional was optimized by a gap-tuning procedure; namely, the ©
value was determined by minimizing the value of J? (w):

1
F= S len(N+i) +IP(N+ )] (Equation 3)
i=0
Here, ey denotes the HOMO energy of a given molecule; N is the number of elec-
trons in the neutral molecule. Hereafter, the optimally tuned range-separated func-
tional is labeled as wB97X*.

To take account of the impact of surrounding dielectric medium (electronic polariza-
tion effect), the polarizable continuum model was incorporated in the DFT/TDDFT
calculations. The dielectric constants (¢) of the studied compounds were obtained
according to the Clausius-Mossotti equation:

e-1 _dma
e+2 3V

Here, a is the isotropic component of the molecular polarizability, and Vis the vol-

(Equation 4)

ume occupied by a single molecule, which were calculated by Multiwfn software
at the tuned wB97X*/6-311G(d,p) level in the gas phase. Then the w value was opti-
mized again in the presence of dielectrics to calculate the related energies in solid
state. All the calculations were carried out with the Gaussian 16 package.””

UPS and LEIPS spectroscopy

UPS spectra were obtained from AXIS ULTRA DLD (Kratos) with He | (21.22 eV) exci-
tation lines and a sample bias of —9 V under a vacuum of 3.0 x 1078 Torr. LEIPS
measurement was performed on a customized ULVAC-PHI LEIPS instrument with
Bremsstrahlung isochromatic mode. The YéSe film was prepared by spin-coating
Y6Se chloroform solution (10 mg mL~") at 3,000 rom for 40 s on the ITO substrate.

Steady-state photoluminescence spectroscopy measurements

PL spectra were measured with a FLS980 fluorescence spectrophotometer. Yé6Se
without and with 1wt % PMé solution (22 mg mL™") were spin-coated from chloro-
form solution at 3,000 rpm for 40 s on the quartz substrate.

Temperature-dependent photoluminescence spectroscopy measurements

The Y6Se solutions (20 mg mL™" in chloroform) was spin-coated on the quartz
substrate. Temperature-dependent photoluminescence spectra were measured
by micro-Raman spectrometer (Horiba-JY HR Evolution), with the excitation laser
wavelength of 633 nm and the signal was collected through a x50 objective. The to-
tal power of the laser spot under objective was approximately 0.35 pW, ~10 W/cm?
considering a laser spot diameter of ~2 pm. A cryostat (from Cryo Industry of Amer-
ica) was used to provide a vacuum environment and continuous temperature control
from 80 to 300 K by liquid nitrogen flow.

Time-resolved photoluminescence spectroscopy measurements

To investigate the fluorescence lifetime of Y6 and Y6Se, we used an ultrafast Er-fiber
laser (1560 + 10 nm, 80 MHz, ~80 fs) and two frequency doubling crystals to
generate ~390 nm pulsed laser for excitation. The signal was collected by a x 100
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objective (Nikon, NA = 0.90) with the back-scattering mode. The reflected laser is
blocked by a 405-nm long-pass filter and the emission light through an 888-nm
band-pass filter to a SPAD detector. Single-photon counting was performed with
a PicoHarp 300 module (PicoQuant). Data analysis is based on the SymPhoTime
64 software. The excitation power was ~45 W/cm?.

Transient absorption spectroscopy measurements

The transient absorption (TA) setup was built based on a Pharos laser system as the laser
source and a Femto-100 spectrometer (TimeTech LLC) as the spectrometer. The center
wavelength of the Pharos output beam was around 1,030 nm, and the pulse repetition
rate of this beam was 100 KHz. The fundamental beam was split into two beams, one
part was used to pump an optical parametric amplifier (OPA; TOPAS) to generate the
wavelength-tunable excitation pulses. The other beam was sent through a delay stage
using a motorized translation stage to generate the probe pulse. The probe was gener-
ated by focusing an attenuated 1,030 nm beam into a CaF, window for probing range of
350 to 650 nm or a Nd:YAG crystal for probing range of 500 to 950 nm and 1,150 to
1,650 nm. The pump beam was chopped at frequency of 500 Hz and its intensity was
tuned by a neutral density filter wheel. The pump and probe beams were spatially over-
lapped on the surface of the sample. The transmitted probe beam was directed to the
multichannel CMOS sensors by an optical fiber, while the transmitted pump beam was
stopped by a beam blocker.

Fabrication and Characterization of SPM-OSCs

SPM-OSCs were fabricated with the structure of ITO/HTLs/Yé or Y6Se/ Phen-NaDPO
(5 nm)/Al (100 nm). A PEDOT:PSS (30 nm) layer was deposited through spin-coating
on precleaned ITO-coated glass and dried subsequently at 150°C for 15 min in air.
The CuSCN solution, which was prepared by dissolving CuSCN powder in DES
(35 mg mL™") at 60°C for 12 h and then filtered with 0.22 um polyadiohexylenedi-
amine, was spin-coated on the ITO substrate at 2000 rpm for 40 s and then annealed
at 105°C for 1 min. The NaSCN solution (2 mg mL™" in isopropanol) was spin-coated
on the CuSCN film (~65 nm) at 3,000 rpm for 40 s and then annealing at 105°C for
15 min in air. Then the devices with HTLs were transferred to a nitrogen glove box,
and the Y6Se was dissolved in chloroform at different concentration of 18 to 24 mg
mL~", then was spun on HTLs at different speed for 40 s to obtain YéSe film with
different thickness. The optimized film for Y6 and YéSe with approximately 85 nm
are obtained by spin-coating Y6 and YéSe chloroform solution (22 mg mL™") at
3,000 rpm for 40 s. Y6 or YéSe solution with 1wt % PMé (22 mg mL™") solution was
spin-coated from chloroform solution at 3,000 rpm for 40 s onto the HTLs. The
Phen-NaDPO solution (0.5 mg mL™" in isopropanol) was spin-coated on the active
layer at 2,000 rom for 40 s. Finally, Al electrode evaporated onto Phen-NaDPO under
vacuum (approximately 107> Pa). The active area of the cells was 0.04 cm?. The J-V
curves were measured under AM1.5G illumination at 100 mW cm ™2 using an AAA so-
lar simulator (XES-70S1, SAN-EI Electric Co., Ltd) calibrated with a standard photo-
voltaic cell equipped with a KG5 filter (certified by the National Institute of Metrology)
and a Keithley 2450 source-measure unit. The EQE data were obtained using a solar
cell spectral response measurement system (QE-R3011, Enli Technology Co. Ltd).

Magneto-photocurrent measurements

For the magneto-photocurrent (MPC) measurements, the devices (ITO/CuSCN/
NaSCN/Yé or Yé6Se/Phen-NaDPO/Al) were placed in a magnetic field B provided
by an electromagnet (East Changing EM1) with B up to 150 mT. Electrical wires
made of metallic alloys were used for electrode contacts to keep the parasitic
magneto-resistance below 0.001%. The devices were illuminated with a 405 nm laser
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diode (ocean insight LSM-405A), and the photocurrent was measured at zero bias
with a multimeter (Keithley 2400) while sweeping the field back and forth for several
cycles to improve the S/N ratio.

Transient photovoltage measurements

For transient photovoltage measurements, an attenuated 810 nm laser pulse with a
pulse width of 35 fs was used as a small perturbation, a halogen lamp with 100 mW
cm 2 as the background illumination. Devices were connected to the oscilloscope
(MDO3104) using a 1 MQ input impedance to form the open-circuit condition.

Fabrication and characterization of OFETs

OFET devices were fabricated on a commercial Si/SiO,/Au substrate purchased from
First MEMS Co. Ltd. A heavily doped n-type Si wafer and a layer of dry oxidized SiO,
(300 nm, with roughness lower than 0.1 nm and capacitance of 11 nF cm—2) were
used as a gate electrode and gate dielectric layer, respectively. The drain-source
(D-S) gold contacts were fabricated by photolithography. Before deposition of the
organic semiconductor, the gate dielectrics were treated with octadecyltrichlorosilane
(OTS) in a vacuum oven at a temperature of 120°C, forming OTS self-assembled mono-
layers. The treated substrates were rinsed successively with hexane, chloroform, and
isopropyl alcohol. Then, Y6Se without and with 1wt % PMé chloroform solution was
spin-coated on the substrate at 3,000 rpm for 30 s with the concentration of 22 mg
mL~". The devices were measured on a FS-Pro semiconductor parameter analyzer at
room temperature. The mobilities were calculated from the saturation region with
the following equation: 1505 = (CuW/2L)%5(Vs- V), where Ip is the drain-source current,
W is the channel width (1400 um), L is the channel length (10 um), u is the field-effect
mobility, C; is the capacitance per unit area of the gate dielectric layer, and Vs and
V1 are the gate voltage and threshold voltage, respectively.

Stability tests

For thermal stability test, the devices were fabricated with the structure of ITO/
CuSCN/active layer/Phen-NaDPO/Al. The SPM-OSCs was fabricated by spin-
coating the Y6Se without and with Twt % PMé solution (22 mg mL~") at 3,000 rem
for 40 s onto the CuSCN layer. The BHJ-OSCs were fabricated by spin-coating
PMé:Y6Se (1:1.2, w/w, 16 mg mL™" in total) blending solution at 3,000 rpm for
40 s onto the CuSCN layer. The preparation methods of CuSCN, Phen-NaDPO,
and Al layers are the same as the above description (see Fabrication and Character-
ization of SPM-OSCs). Then the devices were heated at 85°C in a nitrogen glove box.
The photovoltaic parameters were recorded by a Keithley 2450 source meter.
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