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Semitransparent Organic Photovoltaics Utilizing Intrinsic
Charge Generation in Non-Fullerene Acceptors
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Julien Gorenflot, Han Xu, Jianhua Han, Ahmed Balawi, Wenlan Liu, Daniel Bryant,
Jules Bertrandie, Joel Troughton, Sri Harish Kumar Paleti, Helen Bristow, Frederic Laquai,

Denis Andrienko,* and Derya Baran*

In organic semiconductors, a donor/acceptor heterojunction is typically
required for efficient dissociation of excitons. Using transient absorption
spectroscopy to study the dynamics of excited states in non-fullerene
acceptors (NFAs), it is shown that NFAs can generate charges without a
donor/acceptor interface. This is due to the fact that dielectric solvation
provides a driving force sufficient to dissociate the excited state and form the
charge-transfer (CT) state. The CT state is further dissociated into free charges
at interfaces between polycrystalline regions in neat NFAs. For IEICO-4F,
incorporating just 9 wt% donor polymer PTB7-Th in neat films greatly boosts
charge generation, enhancing efficient exciton separation into free charges.
This property is utilized to fabricate donor-dilute organic photovoltaics (OPV)
delivering a power conversion efficiency of 8.3% in the case of opaque devices
with a metal top-electrode and an active layer average visible transmittance
(AVT) of 75%. It is shown that the intrinsic charge generation in low-bandgap
NFAs contributes to the overall photocurrent generation. IEICO-4F-based
OPVs with limited PTB7-Th content have high thermal resilience
demonstrating little drop in performance over 700 h. PTB7-Th:IEICO-4F
semitransparent OPVs are leveraged to fabricate an 8-series connected
semitransparent module, demonstrating light-utilization efficiency of 2.2%
alongside an AVT of 63%.

1. Introduction

The performance of organic photovoltaics
(OPV) is fast approaching the 20% mark,!]
largely attributed to the development of
new non-fullerene acceptor (NFA) mate-
rials. In NFA-based bulk-heterojunction
(BHJ) OPVs, the wide bandgap donor (D)
and the narrow bandgap acceptor (A) ma-
terial often exhibit complementary absorp-
tion for high light-to-current conversion.
Among a wide range of reported mate-
rials, near-IR (NIR) absorbing NFA have
so far been the outperforming acceptor
materials in BHJ] OPVs.'?] In contrast
to the fullerene acceptors which possess
Frenkel exciton binding energy of ~1 eV,
the NFA Dbenefit from significantly lower
exciton binding energy of ~0.2-0.4 eV.l’
Moreover, NFA owing to their high light-
absorption coefficients in the visible and
NIR regions and long exciton diffusion
lengths of up to 47 nm*l offer tremendous
potential for their application in semitrans-
parent photovoltaics for agrivoltaics®! and
building-integrated photovoltaics (BIPV).®]
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Conventionally, in the case of BH] OPVs, the D/A interface is
believed to facilitate exciton dissociation by providing a driving
force via the energetic offsets, type II heterojunction.”] However,
Price et. al. recently reported intrinsic charge generation in neat
Y6 film without requiring a hetero-junction,’®! presenting a new
paradigm for a renewed understanding of how NFA-based OPVs
operate. These findings offer an exciting opportunity for under-
standing the underlying mechanism of intrinsic charge gener-
ation in high-performing NIR absorbing NFAs and potentially
using them without or minimal amount of a donor in a BH]J.
Research efforts toward developing semitransparent NFA-based
OPVs have largely employed the “dilution” strategy originally in-
troduced by Tang et al.,l’l where the amount of “donor” material
in the D-A blend is significantly reduced to minimize the absorp-
tion in the visible region of the spectrum. Studies performed to
develop more insights into the transport mechanism!'! in donor
dilute blends with Cy, show that the formation of large C, do-
mains leads to exciton diffusion-limited hole transfer and assists
the free electron generation.!']

Schopp et. al. reported OPVs based on PTB7-Th:COTIC-4F,
achieving a power conversion efficiency (PCE) of 4% with 20 wt%
PTB7-Th in the BH]J blend,?! which resulted in an active layer
average visible transmittance (AVT) of 77%. For PM6:Y6-based
BH] blends,**! Yao et al. achieved a PCE of 10% by reducing the
donor content (PM6) to only 10 wt%, where efficient hole trans-
port was proposed to take place via the donor phase. Y6 is the
only NFA material so far that has been demonstrated to intrin-
sically generate charges,®1* and owing to its ambipolar nature,
it is also believed that donor material may not be required for
charge transport in Y6-based OPVs.["®] This raises some funda-
mental questions about the role of donor molecules in the photo—
physical processes and charge transport in donor-dilute OPVs,
which are still not well understood.

In this work, we demonstrate that free-charge generation can
occur in a range of NFA materials including IEICO, ITIC, and
IDTBR families owing to spontaneous exciton splitting at room
temperature. Computational studies suggest that two micro-
scopic mechanisms facilitate charge generation in neat NFAs:
a) dielectric solvation provides a driving force for an excited-to-
charge transfer (CT) state transition; while, b) the polycrystalline
nanostructure of the film helps the dissociation of the CT state
due to different crystal fields of neighboring domains. The in-
trinsic charge generation in NIR absorbing NFA IEICO-4F con-
tributes to photocurrent generation in donor-dilute semitrans-
parent OPV devices. OPVs with only 9% PTB7-Th are shown to
have remarkably improved thermal stability with almost 90% of
the initial PCE retained after 700 h of thermal stress at 85 °C.
Finally, a 100 x 100 mm series interconnected semitransparent
OPV module with a PCE of 3.5% and AVT of 63% is fabricated,
demonstrating the high compatibility of such devices with semi-
transparent module scale-up.

2. Results and Discussion

2.1. Photovoltaic Characterization

IEICO-4F is a low-bandgap NFA (Figure S1, Supporting Infor-
mation) with peak absorption at ~900 nm (Figure S2, Support-
ing Information), making it a promising candidate to be explored

Adv. Mater. 2024, 36, 2305367 2305367 (2 of 10)

www.advmat.de

Table 1. Photovoltaic parameters of IEICO-4F, IEICO-4Cl, and EH-IDTBR-
based devices upon addition of different amounts of PTB7-Th.

NFA PTB7-Th [w:w%]  J, [mAcm™]  V, [V] FF[%]  PCE[%]
IEICO-4F 0 261 0.78 33 0.7
4 6.63 0.75 55 2.7
9 12 0.74 64 53
17 186 0.71 63 83
33 245 0.70 66 1.3
IEICO-4Cl 9 10.05 0.72 60 432
17 15.91 0.72 60 6.87
33 22.89 0.71 60 9.75
EH- 9 5.89 1.06 56 3.52
IDTBR
17 10.91 1.02 63 7.01
33 15.80 1.01 63 10.05

for semitransparent OPVs. We first studied a model system com-
prising IEICO-4F blended with PTB7-Th (which absorbs visible
light below 750 nm; Figures S1 and S2, Supporting Information)
as an electron donor at various ratios. Figure 1a shows the cur-
rent density-voltage (J-V) characteristics of OPVs based on 1:2
(33 w:w% donor content), 1:5 (17 w:w% donor content), and 1:10
(9 w:w% donor content) PTB7-Th:IEICO-4F weight ratio blends
(Table 1). In agreement with previous reports, PTB7-Th:IEICO-
4F blended at a ratio of 1:2 delivered a PCE of 11.3% along with
a high short circuit current density (], ) of 24.5 mA cm~2, open
circuit voltage (V,.) of 0.70 V and fill factor (FF) of 66%. Chang-
ing the D:A ratio to 1:5 and 1:10 reduces the J,. to 18.6 mA cm™
and 11.5 mA cm~? (Figure 1b), respectively, due to the donor’s re-
duced light harvesting capability as depicted in the external quan-
tum efficiency (EQE) measurements reported in Figure 1c.

For varying amounts of PTB7-Th in the D-A blend, the active
layer AVT was effectively tuned while retaining strong photon
conversion in the NIR region. PCE values spanning from 5.3%
for high AVT of 82% (9 wt% PTB7-Th) to 8.3% (AVT of 75%;
17 wt% PTB7-Th) and 11.3% (AVT of 58%; 33 wt% PTB7-Th)
were achieved. PCE of 5.3% for NFA-based OPVs with active layer
AVT of 82% were the highest reported so far.

The ability to generate photocurrent using only a low con-
tent of donor material in the BHJ appears to be common in
NFA-based OPVs as we further demonstrate in BH]J blends of
PTB7-Th with IEICO-4Cl and EH-IDTBR. In both cases, the
photovoltaic properties of devices evolve consistently with those
of PTB7-Th:IEICO-4F devices (Figure S3, Supporting Informa-
tion), where the addition of the donor content enhances the
Je (Table 1). To gain more insights into the reasonably well-
performing OPVs with only 9% donor content, we study the elec-
tronic and photo—physical properties of IEICO-4F thin films and
PTB7-Th:IEICO-4F based devices.

2.2. Electronic and Photo—Physical Characterization
It is noteworthy that upon diluting the PTB7-Th from 33 wt%

to 9 wt% in the BH]J blend, PTB7-Th:IEICO-4F devices have a
negligible change in the FF, suggesting that dilution of donor
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Figure 1. a) J-V characteristics, b) current density of PTB7-Th:IEICO-4F solar cells as a function of PTB7-Th (donor) content, and c) corresponding EQE
measurements. d) PL dynamics averaged between 890 and 950 nm and fitted with a bi-exponential equation. Films were excited with 900 nm short-laser

pulses.

material does not contribute to significant additional charge re-
combination pathways. This is particularly important because the
D/A morphology can changel!?l when reducing the content of
PTB7-Th from 33% to 9%.

To probe possible recombination pathways, charge recom-
bination in devices was studied first by analyzing the J.. and
V,. plotted against the natural logarithm of light intensity. In
the case of PTB7-Th:IEICO-4F devices with 33% PTB7-Th, J
and V. at different light intensities featured slopes of 0.91
and 1.04%, respectively, not indicating strong bimolecular nor

trap-assisted charge recombination. Note that the dependence
of J,. upon light intensity is sensitive only to the recombina-
tion of photogenerated carriers with photogenerated carriers;
while, the recombination with dark carriers at the interface with
transport layers dominates in OPVs.'®] Thus, a weak sublin-
ear dependence of ] on light intensity may not be sufficient
to conclusively determine bimolecular recombination, quantita-
tively.

However, the ] versus light intensity slope remained un-
changed with donor dilution, suggesting that a) the bimolecu-
lar recombination and b) the fraction of photogenerated carri-
ers that recombined with dark carriers did not see any signifi-
cant change upon donor dilution. This further implies that the
charge accumulation at the interface has not changed substan-
tially. Schopp et al. recently argued that in donor-dilute systems,
bimolecular recombination is not likely to be dominant due to re-
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duced charge carrier concentration and that trap-assisted recom-
bination is the dominant recombination pathway.[?! It is note-
worthy that the observed sub-linearity of V. on light intensity
was also unchanged with the donor-dilution from 33% to 9%,
consistent with the trend in the FF of these devices (Figures S4
and S5, Supporting Information).

High FF values in OPVs are generally associated with a high
mobility-charge carrier lifetime product. Using photo-induced
charge carrier extraction by linearly increasing voltage (photo-
CELIV)I'”I and transient photovoltage (TPV)[*¥! techniques, we
calculate charge carrier mobilities (u) and charge carrier lifetimes
(r) (Figures S6 and S7, Supporting Information). Interestingly,
the maximum extraction peak (¢,,,,) in photo-CELIV does not
change significantly as a function of donor content > 9%, im-
plying similar effective charge carrier mobilities around 2 x 10~
cm? V! 571 for OPVs with 9%, 17%, and 33% PTB7-Th. The life-
times calculated from TPV traces for the same devices are ~2.3 s
in all cases, resulting in a similar yz product within the range of
5.06 + 0.2 x 1071 cm? V1. Keeping in mind that photo-generated
charges decay; thus, photovoltage decay is mostly due to their re-
combination with dark carriers in the vicinity of the transport
layers.['®] The fact that TPV lifetime does not change with de-
creasing donor content also confirms that the dilution does not
considerably affect the charge injection and extraction, even at
the HTL/active layer interface (see equations in the Supporting
Information).
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On the opposite, the evolution of |, with the donor content
correlates very well with the reduction of the IEICO-4F photolu-
minescence lifetimes, as probed by time-resolved photolumines-
cence spectroscopy (TRPL) and shown in Figure 1d. The IEICO-
4F emission dynamics were monitored (from 850 to 950 nm) in
PTB7-Th:IEICO-4F BH]J films with 9%, 17%, and 33% PTB7-Th
content. The decay dynamics were fitted by a bi-exponential de-
cay function. IEICO-4F photoluminescence decayed faster from
an average of 172 ps for neat IEICO-4F down to 34 ps upon the ad-
dition of 33% PTB7-Th (Table S1, Supporting Information). This
isinline with the corresponding PL quenching efficiencies where
the quenching of IEICO-4F excitons is increased as a function of
donor polymer PTB7-Th content (Table S2, Supporting Informa-
tion).

The expected increase in the D:A interface area with the donor
content can explain photoluminescence quenching, and lifetime
reduction, as an exciton can readily diffuse to reach an interface,
that is, approaching the case of a conventional BHJ morphology.
As depicted in Table S2, Supporting Information, the calculated
quenching ratios correlate well with the J values extracted from
devices, explaining the difference in charge carrier yield for these
systems. However, this analysis alone fails to explain the high J..
(=11 mA cm2) upon the addition of only 9% PTB7-Th, consid-
ering that only one-third of the IEICO-4F excitons are quenched
in this configuration. It is noteworthy that even though the | in-
creases almostlinearly (Figure 1b) with the increase in donor con-
tent (increasing D:A interface area), there appears to be an offset
where ], is non-zero even when the donor content approaches
negligible amounts.

To understand this non-zero ], offset in the absence of
a donor, we performed picosecond-nanosecond (ps-ns) tran-
sient absorption spectroscopy (TAS) on neat IEICO-4F film
and IEICO-4F blend films to detect and identify the excited
state generated upon photoexcitation (Figure 2). As a first
step, we used reference measurement to identify the distinc-
tive features of each species (Figure 2b). Using triplet sensi-
tizer PtOEP for triplet excitons!'®l and IEICO-4F: Copper(I) thio-
cyanate (CuSCN) bilayers for IEICO-4F negative charges (see also
Figure S10, Supporting Information), we concluded that triplets
and charges exhibited distinctive photoinduced absorption peak-
ing at 0.9 and 1.04 eV, respectively. The exciton primarily gen-
erated upon IEICO-4F excitation; on the other hand, peaking
at1.1eV.

TAS on neat IEICO-4F films reveals that not only singlets
and triplets but also charges are formed through the evolution
of the primary photo-generated excitons (normalized spectra at
selected times following photoexcitation in Figure 2a). The ini-
tial pulsed excitation at 700 nm generates mostly excitons (in
sub-picoseconds), with a photo-induced absorption (PA) signa-
ture peaking around 1.1 eV. This signal decays with a timescale
similar to that of PL decay (Figure S8 and Table S1, Supporting
Information); however, a fraction (see not-normalized spectra in
Figure S9, Supporting Information) of it is converted into triplet
exciton, as indicated by the distinctive triplet PA signature peak-
ing at 0.9 eV, longer lived than the singlet excitons. In parallel, a
limited quantity of charges is also generated as indicated by the
PA shoulder at 1.04 eV which also corresponds to the charge-
induced signature as observed in the IEICO-4F/CuSCN bilayer
and the IEICO-4F:PTB7-Th blends.
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Figure 2. Normalized ps—ns (picosecond—nanosecond) TA spectra of a)
neat |IEICO-4F film, b) PTB7-Th:IEICO-4F (9:91) after exciting at 700 nm
at 2 ns (green), IEICO-4F:PtOEP (90:10) at 1 us (purple line), and IEICO-
4F:CuSCN at 10 ps (red line). The band assignment for triplets and charges
are marked by dashed lines.

Upon the addition of the donor (9 wt % PTB7-Th) to IEICO-4F,
the charge band (~1.04 eV) became more prominent and long-
lived (green line in Figure 2b), and the ground state bleach (GSB)
band (x1.8 eV) was attributed to PTB7-Th (Figure S11, Support-
ing Information). We noted that PTB7-Th positive polaron ab-
sorption may also have a contribution close to 1.04 eV (see ref.[19]
and charges in PTB7-Th:Y6 TAS signals in Figure S11d, Sup-
porting Information for reference); and thus, may participate in
the signal increase. The appearance of photo bleach of PTB7-Th
(Figure S11b, Supporting Information) in the band at 1.8 eV and
the presence of more long-lived charges suggest that the hole
transfer channel opened upon adding a small amount of donor
material. We thus conclude that intrinsic charge generation by
dissociation of photo-generated singlet excitons in neat IEICO-4F
domains is possible and that charge generation can be enhanced
by adding a small amount of donor material.

We note that the generation in neat NFA has been reported pre-
viously in Y6/#*"! and is confirmed by our observations. In the
case of neat Y6 (Figure S12, Supporting Information), a strong
photoinduced electro-absorption (EA) feature (around 1.4 eV)
along with a photo-induced absorption peak around 1.35 eV, that
has been attributed to charges, strongly indicates the fast gener-
ation of charges. The excitation subsequently evolves to triplets,
featuring a broader GSB from 1.35 to 1.55 eV and a PA peaking
around 0.9 eV (Figure S12, Supporting Information).[2°]

Having now evidence of charge generation in two neat NFA
materials, we check the generality of our finding by expand-
ing our field of investigation to ITIC, ITIC-4F, ITIC-2Cl, and
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Figure 3. Normalized ps—ns (picosecond—nanosecond) TA spectra of a)
700 nm. ps—ns TA spectra at more time delays are provided in the SI.

EH-IDTBR (Figures 3 and S13-S15, Supporting Information).
Similar to IEICO-4F, the comparison of pristine ITIC and IT-
4F with TAS spectra of bilayers of those materials with CuSCN
(Figure 3a) reveals the presence of charges. In the case of IT-
4F, the effect is very similar to what is observed with I[EICO-4F,
with the initial singlet signal (PA peaking at 1.37 eV), mostly
decaying and partly evolving into triplets (PA peak at 1 eV);
while only a shoulder at 1.3 eV reveals the presence of charges.
Charge generation is even clearer in ITIC where the initial sin-
glet exciton spectra seem to evolve into a spectrum almost iden-
tical to that observed with CuSCN (Figure 3b). The PA evolves
from an initial peak attributed to singlets at 1.3 eV to a much
broader feature, roughly maximized at 1.2 eV; while, the pos-
itive signal (GSB plus possibly stimulated emission) strongly
shifts from an initial maximum around 1.65 eV to 1.72 eV after
100-500 ps.

To get some hints on what could cause the charge generation
in pristine NFA films, we perturbed the molecular packing by
embedding the NFA molecules in an inert matrix of polystyrene
(PS), processing PS:NFA films 90:10 (w:w). TAS on those sam-
ples (PS:ITIC and PS:IT-2Cl in Figure S14, Supporting Infor-
mation and PS:IT4F and PS:EHIDTBR in Figure S15, Support-
ing Information) indicates that the molecular packing is critical
for charge formation. Indeed, the spectral evolution of the PA
features that were accompanying the formation of charges and
triplets in pristine NFA disappears when the molecules are insu-
lated in the PS matrix. Instead, the PA signal does not shift all
along the decay, showing that initially photogenerated species do
not transform into anything else and that the excitation is just lost
by decay to the ground state. A slight evolution is seen only on
the GSB feature that redshifts, potentially indicating a relaxation
of the excitons to the lowest energy sites.
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IT-4F/CuSCN and neat IT-4F films, b) ITIC/CuSCN neat ITIC after exciting at

2.3. Neat NFAs: Calculations and Characterization

TAS measurements demonstrate that charge generation in neat
films requires the intervention of intermolecular, solid-state, ef-
fects. To understand how those interactions enable charge gen-
eration, we calculated the excited states energetics of a range of
NFA molecules using density functional theory (DFT); we then
applied polarizable force-field calculations to study how solid
state interaction changes the order of those energy levels.

In details, we employed DFT and polarizable force-field calcu-
lations to evaluate energy levels of excited (EX), charge transfer
(CT), and charge separated (CS) states for a range of NFAs from
the IDTBR, ITIC, and IEICO family (details in Figures S16 and
S17, Supporting Information and Tables S3 and S4, Supporting
Information).*”] The generation of free charges is a two-step pro-
cess, EX = CT and CT — CS, and both transitions should over-
come Coulomb binding. In the case of the EX — CT transition,
dimers in a gas phase already have a relatively small energy differ-
ence between the EX and CT states, Ecp—Epy , 0.2-0.7eV, (Table
S3, Supporting Information). In the solid state, where the stabi-
lization of a CT state is much larger than that of an EX state, we
find that Epy > E; (Table S4, Supporting Information). Hence,
in spite of the strong Coulomb binding of the hole and electron
in the EX state, a spontaneous dissociation into the CT state is
possible.

For the CT — CS transition, the dielectric stabilizations of the
CT and CS states differ by only 0.1 eV (Table S4, Supporting
Information). Hence, the dielectric solvation alone cannot drive
the CT state dissociation. To explain why the bound CT states
still dissociate in NFAs, we evaluate solid-state ionization ener-
gies (IE) and electron affinities (EA) in polydomain morpholo-
gies of IEICO-4F as a model system, with domains of different
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Figure 4. a) Polycrystalline structure of IEICO-4F is represented by two domains: molecules parallel (left) and perpendicular (right) to the interface.
b) lonization energy (IE) and electron affinity (EA) of two films with molecular orientations corresponding to two domains. Solid-state contributions
(shown as black arrows) render the interface between the domains to a type-Il heterojunction.

molecular orientations, as shown in Figure 4a. On a molecu-
lar level, strong quadrupole moments of NFAs result in the
orientation-dependent solid-state contribution to the IE and
EA,I21 ag shown in Figure 4b for two typical molecular orienta-
tions. In a thin film, domains of different orientations have finite
sizes, as well as different orientations with respect to each other.
The resulting IE and EA difference will be reduced significantly
but can still be sufficient to form a type-II junction at the domain
boundaries providing a required driving force for the CT to CS
transition.[2?]

If photo-generated charges are collected, IEICO-4F’s ability to
spontaneously transition to the CS state at room temperature
should allow it to operate in a single-component solar cell with-
out requiring a donor component. To verify this, we fabricated
single-component IEICO-4F OPVs using zinc oxide (ZnO) as an
electron transport layer (ETL) and molybdenum oxide (MoOx)
as a hole transport layer (HTL) sandwiched between two elec-
trodes. Neat IEICO-4F solar cells delivered a J,. of 2.6 mA cm~2,
V,. of 0.78 V, and a FF of 0.33 resulting in ~0.7% efficient de-
vices (Figure S18a, Supporting Information). Interestingly, the
V,. of neat IEICO-4F device is found to be 0.78 V and progres-
sively reduces with the increase in donor content down to 0.70 V
for 1:2 D/A ratio.[?)] The photovoltaic parameters of these devices
strongly agree with and complement the findings of TAS and the
polarizable force field calculations that neat NFAs can intrinsi-
cally generate free charges.

Electrical characteristics of organic field effect transistors
(OFET) based on neat IEICO-4F (Figures S18b,c and S19, Sup-
porting Information) showed an ambipolar nature. Balanced hole
and electron mobilities of 2 x 1072 cm? V! s7! were extracted
from the saturation regime when a gate bias of either 120 V
or —120 V was applied, rationalizing reasonably good photocur-
rent obtained from neat IEICO-4F based OPVs. We observed an
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analogous behavior in the case of O-IDTBR, which further con-
firmed the ambipolar nature of this class of acceptors (Figure S20,
Supporting Information), in agreement with a recent report for
Y6.1"%] Similarly, space charge limited current (SCLC) measure-
ments, which consider vertical transport in a photoactive material
under dark, also demonstrated balanced hole (1.5 X 10~* cm? V!
S7!) and electron (1.4 x 10~* cm? V! S7!) mobilities, in agree-
ment with the trends observed from OFETs (Figure S21, Support-
ing Information). It can therefore be concluded that mobility is
not the limiting factor in separating charges in neat films. The
limited performance of the single-component devices is, in fact,
mainly due to low FF and ], values, which reflect the limited
extraction of charges. This is in accordance with the light absorp-
tion (hence simulated J ) in IEICO-4F estimated by the transfer
matrix modeling, based on which only a 40 nm IEICO-4F film
can be predicted to result in a PCE of 8.7% (Figure S22, Sup-
porting Information) if IEICO-4F based single-component de-
vices can be designed using suitable charge selective layers such
that their FF is 75%. As seen from TAS measurements on neat
IEICO-4F (Figure 2), the generation of triplet states is a poten-
tial cause behind the low extraction of charges, resulting in low
FF and J,.. Hence, the addition of a small amount of PTB7-Th
enhances the absorption in the active layer as well as charge gen-
eration in IEICO-4F, suppresses triplet formation, and facilitates
the hole transfer to the anode, remarkably increasing the FF and
improved polymer/anode interface.["]

2.4. Device Stability and Semitransparent Module
It has previously been shown that PTB7-Th:IEICO-4F (1:1 D:A,
50% donor content) devices exhibit severe degradation and burn-

in at the initial stage of both thermal and photo-degradation.?*]
This phenomenon has been ascribed to the hypo-miscibility
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Figure 5. Stability of PTB7-Th:IEICO-4F solar cells a) in dark and N, atmosphere b) under continuous thermal stress at 85 °C. c) J-V characteristics of
semitransparent OPV module under light illumination. Inset shows a photograph of a 100 X 100 mm semitransparent OPV module.

between PTB7-Th and IEICO-4F that causes a spinodal de-
mixing of the heterogeneous phases and forms trap states. The
donor dilution concept benefits from reducing the visible spec-
trum blockage and shifting the absorption to NIR allowing semi-
transparency and also has the potential to eliminate any degra-
dation pathways due to excessive changes in the donor—acceptor
morphology in the BH]J.

We probed a range of PTB7-Th:IEICO-4F devices at varying
levels of donor dilution and active layer AVT (Figure S23, Sup-
porting Information), under dark and N, conditions, to deter-
mine the so-called shelf-life stability. In this test, 9% PTB7-Th-
based devices showed superior shelf-life stability compared to
the 17% and 33% PTB7-Th-based ones (Figure 5a). This sug-
gested that photoactive layers with reduced donor content tended
to quench in a more thermodynamically stable condition. These
devices were also exposed to constant thermal stress at 85 °C to
gauge their thermal stability, as per the International Summit
on Organic Photovoltaic Stability (ISOS) protocol.’’] Over the
course of more than 700 h (Figure 5b; Figure S25, Supporting
Information), all devices underwent a burn-in loss in the initial
25 h and later recovered partially. OPVs with 9% PTB7-Th re-
tained ~90% of the initial PCE after over 700 h of thermal stress
as compared to 76% for the 33% donor devices. It is notewor-
thy that the .. and FF of thermally degraded 9% PTB7-Th device
were relatively the highest, as compared to 17% and 33% PTB7-
Th devices. This suggests that excessive unfavorable D/A demix-
ing due to thermal stress is limited in devices when the PTB7-Th
content is reduced. Thus, in the case of donor dilute devices, a
reduced amount of donor phase is expected to result in a BH]J
morphology that is less prone to phase segregation, resulting in
enhanced thermal stability of OPVs.

Lastly, the operational stability of OPVs with different amounts
of PTB7-Th in the active layer is also studied in both inverted and
conventional devices structures. Intuitively, the stability of all in-
verted devices (Figure S26, Supporting information) incorporat-
ing a ZnO ETL is found to be significantly worse than conven-
tional devices (Figure S27, Supporting Information) mainly at-
tributed to the photocatalytic effect of ZnO.?*! When a plasma
lamp with a spectrum matching closely with the AM 1.5G
(Figure S28, Supporting Information) is used for testing the
photostability, 33% donor devices are found to have the least
burn-in loss as compared to that of donor dilute devices. This
suggests that unlike PTB7-Th which has earlier been shown to
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be photostable,!?”] IEICO-4F is relatively more prone to light-
induced degradation. Donor dilute OPVs with a conventional
structure and 9% donor content retain little under 60% of the
initial PCE after ~#600 h of operation, as compared to 80% in the
case of devices with 33% PCE after the same duration.

Notably, we also conducted photostability measurements us-
ing a metal halide lamp on the donor-dilute devices. Over the
course of up to 1000 h (Figure S29, Supporting Information),
9% PTB7-Th-based devices showed negligible performance drop
compared to their T'= 0 h value, whereas higher loading of donor
polymer caused photo-degradation and burn-in mainly effecting
the V. and FF. This result was different from the one obtained
under AM1.5G conditions using a plasma lamp (Figures S27
and S28, Supporting Information). This was mainly because the
spectral characteristics of the metal halide lamp and white LED
light primarily covered the wavelength range of 400-800 nm
(Figure S28, Supporting Information);!?8! whereas IEICO-4F pri-
marily absorbed light in the 800-1000 nm range. Consequently,
the PTB7-Th:IEICO-4F blends did not undergo their full func-
tional response during the photostability testing using a metal
halide lamp, especially for the 9% PTB7-Th-based device. It turns
out that care was needed to ensure that the lamp spectra aligned
with the absorption spectra of the blends when conducting pho-
tostability measurements on OSCs containing NIR-absorbing
materials.[?l Nevertheless, the overall results suggest that photo-
stable donor dilute OPVs can be achieved if both donor and ac-
ceptor materials possess good photochemical stability.

As photovoltaic modules represent an essential test bed for
real-world applications, we finally demonstrate the suitability
of OPVs with reduced donor content when used in photo-
voltaic modules. 8-series connected semitransparent OPV mod-
ules based on PTB7-Th:IEICO-4F are fabricated, where the
top electrode is composed of semitransparent silver nanowires
(AgNWs).3% Figure 5c shows the solar modules as well as the
light J-V characteristics. Semitransparent solar modules based
on active layer with only 17% PTB7-Th deliver a PCE of 3.5%, re-
sultingina V,. of 5.67 V, a FF of 52%, and a ], of 1.2 mA cm 2,
along with a geometrical fill factor of 56%. These semitrans-
parent modules achieve an AVT of 63% (Figure S30, Support-
ing Information) resulting in light utilization efficiency (LUE)
of 2.2%, a new Figure of merit introduced for semitranspar-
ent photovoltaics.*!! It is important to mention that the V,_ of
the modules corresponds to the sum of V. of each individual
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sub-cell, confirming the high quality of the monolithic inter-
connection of the device (for module fabrication see Supporting
Information and the scheme in Figure S31, Supporting Infor-
mation). OPV modules based on PTB7-Th:IEICO-4F with high
AVT are highly relevant for agrivoltaics,I) where the photosyn-
thetically absorbed radiation (PAR) band lies between 400 and
700 nm. Application of such high-AVT OPV modules can gen-
erate electricity for efficient, and ultimately, zero-energy green-
houses, with minimal impact on the PAR band.

3. Conclusion

Combining experimental and computational tools, we demon-
strate that a range of NFA materials (including IEICO-4F, ITIC,
and Y6) intrinsically generate charge transfer states by dissoci-
ating singlet excitons at room temperature. This property is en-
abled by dielectric solvation and different crystal fields, which fa-
cilitate the transition from the excited state to the charge-transfer
and charge-separated states, respectively. We rationalize this by
developing IEICO-4F single-component OPV devices and con-
firm that charge extraction is the only limitation due to inter-
faces. We further develop donor-dilute semitransparent OPVs
based on model system PTB7-Th:IEICO-4F. It is demonstrated
that charge generation in neat NFA contributes to the overall pho-
tocurrent generation in donor-dilute devices, and the addition of
a small amount of PTB7-Th to IEICO-4F is found to significantly
enhance the charge generation. Opaque OPVs (with metal top-
electrode) with only 9% PTB7-Th demonstrate an impressive ac-
tive layer AVT of 82% and remarkable thermal stability measured
for over 700 hr. Finally, semitransparent solar modules are fabri-
cated fetching an LUE of 2.2% and V,_ of 5.67 V. The findings of
this work are highly relevant for developing scalable semitrans-
parent OPVs for commercial applications such as BIPV and agri-
voltaic applications. The outcomes of this study also offer a com-
pelling opportunity to revise and develop a new understanding of
the working mechanisms of NFA-based OPVs, for establishing
design rules for new materials, and efficient and stable devices.

4. Experimental Section

Device Fabrication and Characterization: PTB7-Th, IEICO-4F, IEICO-
4Cl, EH-IDTBR, Y6, and ITIC-4F were purchased from 1-Materials Inc. All
active layers were dissolved in Chlorobenzene (CB) solvent at a concen-
tration of 20 mg mL™". Zinc oxide precursor solution was prepared by dis-
solving 2.4 g of zinc acetate dihydrate (Zn(CH;COO),-2H,0, 99%, Sigma)
and 0.647 mL of ethanolamine (NH,CH,CH,OH, 98%, Sigma) in 30 mL
of 2-methoxyethanol (CH;OCH,CH,OH, 98%, Sigma).

Inverted OPVs were prepared as follows: pre-cleaned ITO substrates
were treated by oxygen plasma treatment for 10 min to improve their
work function and clearance. Subsequently, a ZnO solgel solution was spin
coated on ITO substrates at 4000 rpm for 40 s and annealed at 200 °C for
10 min in air. ITO substrates coated with ZnO layer were transferred into a
nitrogen-filled glovebox. The active layer solutions (40-50 nm) were spin
coated at 1500-2000 rpm. MoOx (10 nm) and Ag layer (100 nm) were se-
quentially evaporated under a vacuum of 2 x 10 Torr through a shadow
mask. The active area of each device was 0.1 cm? controlled by a shadow
mask.

J-V measurements of solar cells were performed in the glovebox with
a Keithley 2400 source meter and an Oriel Sol3A ClassAAA solar simula-
tor calibrated to 1 sun, AM1.5 G, with a KG-5 silicon reference cell certi-
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fied by Newport. In order to study the light intensity dependence of cur-
rent density, a series of neutral color density filters was used. The intensity
of light transmitted through the filter was independently measured via a
power meter. For hole-only devices, ITO/PEDOT:PSS was used as the bot-
tom contact and MoOx as the top contact; otherwise, for electron-only
devices, ITO/ZnO was used as the bottom contact and PFN-Br/Ag as the
top contact. EQE was measured using an integrated system from Enlitech,
Taiwan.

Device Stability: The dark storage and thermal stability of
OPVs were measured on devices with an inverted structure:
ITO/ZnO/BH]/MoOx/Ag. The devices were stored in an N, filled
glove-box at room temperature (dark storage) in the dark or at constant
thermal stress at 85 °C (thermal stability) and measured periodically.

Photo-stability was measured on devices with both inverted as well
as conventional structure (ITO/PEDOT:PSS/BH)/PDINO/Ag). The photo-
stability results were acquired as per the ISOS-L-1 protocol with controlled
temperature and humidity and samples were loaded at open circuit. The
measurements were performed by loading the devices in a metal cham-
ber with a constant N, flow and a water-cooling system, placed under the
illumination of a plasma lamp (Solixon A-70-CU-2 1000 W) and a metal
halide lamp where mentioned. In comparison with the commonly used
light-emitting diodes (LEDs) and metal halide lamps (Figure S28, Support-
ing Information), the spectrum of the plasma lamp used in this study in-
cludes UV and infrared light, which closely matches the standard AM 1.5G
solar irradiation and also correlates with the solar-harvesting property of
PTB7-Th and IEICO-4F (Figure S28, Supporting Information). The cool-
ing system maintained the devices at ca. 300 K to eliminate heat-induced
degradation, and continuous N, flow prevented water and oxygen ingress.

Module Fabrication: ~To fabricate the 8-cell series interconnected mod-
ule, a 100 x 100 mm sheet of ITO-coated glass was laser ablated in
the pattern (Figure S31, Supporting Information) to electrically isolate
strips of ITO. The active layers were deposited onto the large substrate
using doctor blading. Prior to the electrode deposition, a razor blade
was used to scribe through the active layers, exposing the ITO under-
neath (P2, Figure S31, Supporting Information). To form a transparent
electrode, a suspension of silver nanowires (ClearOhm NKA710) was
diluted in 2-propanol (4:1 by volume) and coated onto the glass sub-
strate at 1 mm m~' with a blade gap of 0.5 mm followed by annealing
at 100 °C for 10 min under nitrogen. Finally, a third mechanical scribe
was made using a razor blade to isolate the silver nanowire electrode
of individual cells (P3, Figure S31, Supporting Information). The active
area of the module was measured to be 56 cm? (Geometrical fill factor
of 56%).

Absorption Measurements: Absorption spectra were acquired on a
Carry 5000 UV Vis—NIR spectrophotometer by Agilent Technologies.

Photo-CELIV Measurement: In photo-CELIV measurements, the de-
vices were illuminated with a 405 nm laser-diode. Current transients were
recorded across an internal 50 Q resistor of an oscilloscope (Agilent Tech-
nologies DSO-X 2024A). A fast electrical switch was used to isolate the
cell and prevent charge extraction or sweep out during the laser pulse and
the delay time. After a variable delay time, a linear extraction ramp was
applied via a function generator. The ramp, which was 60 us long and dif-
ferent voltages in amplitude, was set to start with an offset matching the
V,. of the cell for each delay time.

Transient Photovoltage Measurements (TPV): For TPV measurements,
a 405 nm laser-diode was used to maintain solar cells at &V, conditions.
Laser intensity was driven using an arbitrary waveform generator Agilent
33500B. A small perturbation was induced with a second 405 nm laser
diode driven by a function generator from Agilent. The intensity of the
short (50 ns) laser pulse was adjusted to keep the voltage perturbation
below 10 mV, typically at 5 mV. Following the pulse, the voltage decayed
back to its steady state value in a single exponential decay. The character-
istic decay time was determined from a linear fit to a logarithmic plot of
the voltage transient and returned the small perturbation charge carrier
lifetime.

Time-Resolved Photoluminescence: ~For time-resolved photolumines-
cence measurements, the samples were excited with the wavelength-
tunable output of an Optical Parametric Oscillator (Radiantis Inspire
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HF-100), itself pumped by the fundamental at 820 nm of a Ti:sapphire
fs oscillator (Spectra Physics MaiTai eHP), yielding 100fs pulses at
a repetition rate of 80 MHz. Excitation beam after OPO was routed
through pulse picker (PulseSelect, A.P.E) for repetition division. The
PL of the samples was collected with an optical telescope consist-
ing of two plano-convex lenses matched in focal length to a spectro-
graph (Pl Spectra Pro SP2300) for wavelength dispersion and detected
with a streak camera (Hamamatsu C10910) system for time resolution.
The PL data was acquired in photon counting mode using the streak
camera software (HPDTA) and exported to Origin Pro 2019 for further
analysis.

Transient Absorption Spectroscopy (TAS): TA spectroscopy was carried
out using a custom pump—probe setup. The output of a titanium:sapphire
amplifier (Coherent LEGEND DUO, 4.5 m}, 3 kHz, 100 fs) was split into
three beams (2, 1, and 1.5 m)). One of them was used to produce a white-
light supercontinuum from 550 to 1700 nm by sending the 800 nm pulses
through a sapphire (3 mm thick) crystal. The other two beams were used
to separately pump two optical parametric amplifiers (OPA) (Light Con-
version TOPAS Prime). TOPAS 1 generates tunable pump pulses, while
TOPAS 2 generates signal (1300 nm) and idler (2000 nm) only. The sig-
nal from TOPAS 2 was used to produce a white-light super continuum
from 400 to 1100 nm by being focused near the surface of a calcium fluo-
ride (CaF,) crystal which was mounted on a continuously moving stage to
slow down its degradation. The pump-probe delay was adjusted by reduc-
ing the pump beam pathway between 5.12 and 2.6 m while the probe path-
way length to the sample was kept constant at 5 m between the output
of TOPAS 1 and the sample. The pump-probe path length was varied with
a broadband retroreflector mounted on an automated mechanical delay
stage (Newport linear stage IMS600CCHA controlled by a Newport XPS
motion controller), thereby generating delays between pump and probe
from —400 ps to 8 ns.

An actively Q-switched Nd:YVO4 laser (InnoLas picolo AOT) provided
the excitation light (532 nm) for long delay (1 ns - 300 us) TA experiments
(for the NFA: PtOEP films), which was triggered by an electronic delay gen-
erator trigger (Stanford Research Systems DG535). The electronic delay
generator triggered by the TTL sync from the Legend DUO allowed con-
trol of the delay between pump and probe with a jitter of roughly 100 ps.

Pump and probe beams were focused on the sample with the aid of
proper optics. The sample (films on quartz substrates) were kept under
vacuum (10 mbar) during the entire measurements. The transmitted
fraction of the white light was guided to a custom-made prism spectro-
graph (Entwicklungsbiiro Stresing) where it was dispersed by a prism
onto a 512 pixels complementary metal-oxide semiconductor (CMOS) lin-
ear image sensor (Hamamatsu G11608- 512DA) for the broadband (550—
1700 nm) range or a 512 pixels negative channel metal-oxide semiconduc-
tor (NMOS) linear image sensor (Hamamatsu S8381-512) for the visible
(400-1100 nm) range. The probe pulse repetition rate was 3 kHz; while,
the excitation pulses were mechanically chopped to 1.5 kHz (100 fs to
8 ns delays) or directly generated at 1.5 kHz frequency (1 ns to 300 ps
delays); the detector array was read out at 3 kHz. Adjacent diode read-
ings corresponding to the transmission of the sample after excitation and
in the absence of an excitation pulse were used to calculate AT/T. Mea-
surements were averaged over several thousand shots to obtain a good
signal-to-noise ratio.

The chirp induced by the transmissive optics was corrected with a cus-
tom Matlab script. The delay at which pump and probe arrived simultane-
ously on the sample (i.e., zero time) was determined from the point of the
maximum positive slope of the TA signal rise for each wavelength.

Statistical Analysis:  For J-V characterization of solar cells and their re-
spective thermal and photo-stability, at least six identical cells were mea-
sured for each type of device. LabVIEW program was used to acquire and
process the J-V data.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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