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ABSTRACT: Organic solar cells based on nonfullerene acceptors 7
have recently witnessed a significant rise in their power conversion /
efficiency values. However, they still suffer from severe instability (e —
issues, especially in an inverted device architecture based on the zinc
oxide bottom electron transport layers. In this work, we insert a

pyrene-bodipy donor—acceptor dye as a thin interlayer at the
photoactive layer/zinc oxide intetface to suppress the degradation

reaction of the nonfullerene acceptor caused by the photocatalytic
activity of zinc oxide. In particular, the pyrene-bodipy-based interlayer
inhibits the direct contact between the nonfullerene acceptor and zinc
oxide hence preventing the decomposition of the former by zinc oxide
under illumination with UV light. As a result, the device photostability

was significantly improved. The TT—TT interaction between the
nonfullerene acceptor and the bodipy part of the interlayer facilitates
charge transfer from the nonfullerene acceptor toward pyrene, which
is followed by intramolecular charge transfer to bodipy part and then
to zinc oxide. The bodipy-pyrene modified zinc oxide also increased

the degree of crystallization of the photoactive blend and the face-on stacking of the polymer donor molecules within the blend
hence contributing to both enhanced charge transport and increased absorption of the incident light. Furthermore, it decreased the
surface work function as well as surface energy of the zinc oxide film all impacting in improved power conversion efficiency values of
the fabricated cells with champion devices reaching values up to 9.86 and 11.80% for the fullerene and nonfullerene-based devices,
respectively.
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1. INTRODUCTION OSCs." The salient features of NFAs such as attractive

Organic solar cells (OSCs) have attracted tremendous research
interest in the past decades because of their compatibility with
lightweight flexible substrates in combination with their simple
and low-cost manufacturing via solution-processing.'~” OSCs
based on the bulk heterojunction (BHJ) architecture,
consisting of blends of a polymer donor with a fullerene
acceptor have been the subject of intense research efforts for

about two decades, leading to power conversion efficiency
(PCE) values from about 1% to ~10.4% in single-junction and

of ~15% in tandem OSCs.’”® However, recent developments
on nonfullerene acceptors (NFAs) have led to a rapid increase

in PCEs, with values of ~17.1% in ternary blend single-
junction cells’ and ~17.3% in double-junction tandem
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optical properties, resilience to environmental oxidation and
facile tunability of electronic energy levels make them ideal
candidates for high-performance OSCs."' ™"

Besides the properties of the photoactive layer, interfacial

layers with excellent charge extraction/transport capability also
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Figure 1. (a) Molecular structure and (b) optimal geometry along with calculated dipole moment of Py-BDP dye. (c) DFT calculated frontier
molecular orbital (HOMO, LUMO) and (d) energy levels of Py-BDP molecule.

play a crucial role in improving the performance of OSCs.' ™

Although they do not interfere with the photon-to-electron-
conversion efficiency process, they facilitate charge transport
toward the collection of electrodes and improve charge
collection efficiency, control interfacial recombination losses
during charge transfer process, and contribute to device
stability.” " Transition metal oxides, especially titanium
dioxide (TiO,) and zinc oxide (ZnO), have been widely
applied as the bottom electron transport layers (ETLs) in the
inverted device architecture because of their sufficient
transmittance within the visible spectral range, adequate n-
type electronic conductivity and simple film formation via
solution—processing.zs_33 However, ZnO exhibits intense
photocatalytic activity within the UV spectral region due to
the action of photoinduced charge carriers and resulting
reactive oxygen species (ROS, e.g., hydroxyl radicals).”*”
Upon illumination with UV light, the defect-rich ZnO induces
chemical reactions at the ETL/absotber interface causing the
decomposition of NFA absorber layer.”””" Recently, Jiang et
al. demonstrated severe degradation of one of the most
efficient NFAs, namely, 3,9-bis(2-methylene-((3-(1,1-dicyano-
methylene)-6,7-difluoro)-indanone))-5,5,11,11-tetrakis(4-hex-
ylphenyl)-dithieno[2,3-d:2’,3'-d']-s-indaceno|[1,2-b:5,6-b’]-
dithiophene (IT-4F), caused by the photocatalytic activity of
Zn0.”" One approach to mitigate this interfacial degradation is
to dope the ZnO layer with appropriate elements such as
lithium cations (Li") as previously demonstrated by our
group.32 Moreover, surface defects passivation of ZnO through
the insertion of appropriate intetlayers at the ETL/photoactive
layer interface is also considered beneficial.”” Organic
molecules such as self-assembled monolayers (SAMs),”"
ionic liquids,'"uf43 and functionalized fullerenes,” " with
tunable energetics such as deep-lying highest occupied
molecular orbital (HOMO) and appropriate lowest unoccu-
pied molecular orbital (LUMO), are commonly used as
interlayers between the ZnO ETL and the photoactive blend.
They also improve electron extraction toward cathode and

effectively block holes reaching the opposite metal electrode,

21962

hence reducing the device leakage current. Additionally, they
affect the surface energy of ZnO, thus dictating the
nanomorphology of the photoactive layer deposited over
it. """ However, many of those materials contain amino groups
in their structure in order to enable the formation of large
negative interfacial dipoles that lead to a downward shift of the
vacuum level at the respective interface.””” This, unfortu-
nately, has also proven detrimental for the stability of NFAs. In
particular, Hu et al. have recently demonstrated that
nucleophilic amino groups react with the carbonyl (€>O)
moiety of ITIC acceptors thus destroying their electronic
structure and suppressing the intramolecular charge transfer
ability of ITIC molecules.”

To overcome the above limitations, we here propose the
application of a pyrene-bodipy molecular dye, termed hereafter
as Py-BDP, as an ultrathin interlayer at the ZnO/IT-4F
interface to mitigate the ZnO mediated photocatalytic
degradation of OSCs. The selection of Py-BDP dye was
motivated by the absence of amino groups and its donor—
acceptor (D-A) nature that is expected to facilitate intra-
molecular charge transfer. The devices based on Py-BDP
exhibited significant resistance to light-induced degradation
compared to pristine ZnO counterparts. Moreover, the

insertion of a ~4 nm thin Py-BDP interlayer resulted in a

0.3 eV dectease in the work function (W) of ZnO ETL and
altered its surface energy. The latter significantly improved the
nanomorphology and increased the degree of crystallinity of
the photoactive blend coated on top of it while also enhancing
the face-on stacking of the polymer donor molecules within the
blend. Consequently, a significant PCE enhancement was
obtained for the Py-BDP-based devices using either fullerene
acceptors (FAs) or NFAs, with champion devices reaching
values up to 9.86 and 11.80%, respectively.

2. RESULTS AND DISCUSSION

Surface Properties of ZnO Coated with Pyrene- Bodipy.
Figure 1a presents the molecular structure of the pyrene-
bodipy dye where a phenyl unit was incorporated as a

https://dx.doi.org/10.1021/acsami.0c03 147
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Figure 2. (a) UPS spectra (left, the high binding energy region; middle, the expanded view; right, the near Fermi level region) of pristine and Py-
BDP-coated ZnO layer (on glass/FTO substrate). (b) Energy levels, considering vacuum level alignment before contact, of different layers used for
the fabrication of fullerene and nonfullerene OSCs: Wy of FTO, VBM and CBM of ZnO and ZnO/Py-BDP, HOMO and LUMO levels of organic
semiconductors, Wr of MoO, and Al. (c) Device structure of fullerene and nonfullerene OSCs. In the right panel, the chemical structure of donor
and acceptor materials consisting of fullerene (up) and nonfullerene (down) blends are shown.

chemical linker to enhance the intramolecular electron transfer
from the pyrene donor to the bodipy acceptor fragment. The
detailed synthetic procedure of Py-BDP is given in Figure S1.
Density functional theory (DFT) verified that pyrene acts as
the donor, whereas bodipy represents the acceptor segment of
the Py-BDP molecule (Figure S2). DFT calculations also
showed the influence of molecular geometry on the photo-
physical properties of the Py-BDP molecule (Figure 1b). It is
observed that pyrene and bodipy fragments are vertically
oriented to one another. The molecule exhibits a high dipole
moment of 4.67 D. A large molecular dipole causes higher
intramolecular charge-transfer rates.”” The DFT calculated
HOMO-1, HOMO, LUMO, and LUMO+1 otbitals and
molecular energy levels of Py-BDP are shown in Figure 1c, d,
respectively. It is observed that both HOMO and LUMO
levels are localized on the BDP moiety. On the contrary,
HOMO-1 and LUMO+1 reside on the pyrene moiety.
Because of its clear donor—acceptor (ot else “push—pull”
character) and large molecular dipole moment, Py-BDP is
expected to allow for fastintramolecular electron-transfer rates,
which could play a role in OSCs by facilitating electron transfer
from the absorber toward ZnO.

The ZnO films used as the bottom ETLs were obtained
through a solution-processed deposition method described in
the Hxperimental Section. They exhibited small amount of
surface defects and smooth surface morphology as indicated by
steady-state photoluminescence (PL) measurements and
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atomic force microscopy (AFM) images, respectively, shown
in Figure S3. We then investigated the influence of inserting a
thin (~4 nm) Py-BDP interlayer, derived from a methanol
solution with a concentration of 0.35 mg mL ™" that gave the
best device performance, on the optoelectronic properties of
ZnO ETLs. Figure S4 depicts the UV —vis transmittance and
absorption spectra of ZnO without and with the thin dye
overlayer. It is observed that pristine and Py-BDP-coated ZnO
substrates exhibit similar transmittance and absorption proper-
ties with negligible absorption within the visible. This suggests
that the insertion of Py-BDP interlayer does not block sunlight
reaching absorber layer which would otherwise limit current
density. The Tauc plots derived from the absorption spectra
(Figure S5) showed the same energy bandgap value (E, = 3.25
eV). In contrast, ultraviolet photoelectron spectroscopy (UPS)
measurements, presented in Figure 2a, revealed significant Wr
reduction of about 0.3 eV upon coating ZnO with Py-BDP.
The lower Wi of ZnO/Py-BDP bilayer is expected to induce a
favorable vacuum level downward shift at the photoactive
layer/cathode intetface, leading to a reduction in the battier for
electron extraction thus improving the device performance.
The corresponding energy level diagram of the fullerene (using
a  poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-
b'\dithiophene-2,6-diyl-alt-(4-(2-ethylhexyl)-3-fluorothieno-
[3,4-b]thiophene-)-(2-carboxylate-2—6-diyl)]:phenyl-C7;-bu-
tyric acid methyl ester (PTB7-Th:PC7BM) blend) and
nonfullerene (using a poly[(2,6-(4,8-bis(5-(2-ethylhexyl-3-

https://dx.doi.org/10.1021/acsami.0c03 147
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Figure 3. (a) Partial 'H NMR spectra (500 MHz, CDCls, 298 K) of Py-BDP (0.5 mg/mL) before and after addition of IT-4F (10.0 mg/mL). (b)
Diagram of chemical shift changes (Hz) of Hy, of pyrene (Pyr), phenyl (Ph), and aliphatic (Me, Et) protons of Py-BDP, upon gradual addition of
IT-4F. The Pyr proton signals undergo the highest chemical shift changes (shielding). (c) Partial 'H NMR (500 MHz, CDCls, 298 K) spectra of
IT-4F (0.5 mg/mL) before and after addition of Py-BDP (0.5 mg/mL). (d) Diagram of chemical shift changes (shielding) in Hz of protons of I'T-
4F upon addition of Py-BDP. (e) Schematic illustration of optimized geometries of Py-BDP and IT-4F TT—TT interactions based on NMR data.
Hydrogen, carbon, nitrogen, oxygen, fluotine, sulfur, and boron correspond to light gray, gray, blue, red, light blue, orange, and pink spheres,

respectively.

fluoro)thiophen-2-yl)-benzo[1,2-b:4,5-b"|dithiophene))-alt-
(5,5-(1",3'-di-2-thienyl-5',7'-bis(2-ethylhexyl)benzo[1",2"-
ci4',5'-c'|dithiophene-4,8-dione)]:3,9-bis(2-methylene-((3-
(1,1-dicyanomethylene)-6,7-difluoro)-indanone))-5,5,11,11-
tetrakis(4-hexylphenyl)-dithieno[2,3-d:2",3"-d']-s-indaceno-
[1,2-b:5,6-b"|dithiophene  (PM6:IT-4F) blend) OSCs based
on both pristine and Py-BDP-coated ZnO ETLs is depicted in
Figure 2b. The Wi values of FTO, MoOy, and Al as well as the
HOMO and LUMO levels of organic semiconductors used in
this study were taken from the literature.””" The valence band
maximum (VBM) of ZnO and ZnO coated with Py-BDP were
calculated through adding the binding energy (BE) of the
valence band onset (3.3 €V in both cases) to the Wi values
(4.0 and 3.7 eV, respectively) estimated from the secondary
electron cutoff region of the UPS spectra. The conduction
band minima (CBM) were estimated by subtracting the value
of E, (which was taken equal to 3.3 eV for simplicity). It is

21964

obsetved that the CBM of ZnO/Py-BDP locates at about 3.7
eV, which is above the LUMOs of PC;BM and IT-4F.
However, the formation of a large negative dipole at the ZnO/
Py-BDP/photoactive blend intetface strongly enhances the
device built-in field and practically sweeps electrons from the
photoactive blend toward cathode. Moreover, we found change
in surface energy of ZnO upon coating the Py-BDP dye. Figure
S6a, b show the contact angle measurements of a droplet of
deionized water and dilodomethane taken on bare and Py-
BDP-coated ZnO. The calculated surface energy in each case is
shown in Table S1. Interestingly, the insertion of the thin Py-
BDP interlayer on top of ZnO changes the surface properties
of the latter, resulting in more hydrophobic surface and in
reduced surface energy. The significant increase in water
contact angle on ZnO/Py-BDP bilayer indicates that the
amphiphilic bodipy is preferentially attached to the ZnO
surface, whereas the hydrophobic pyrene is oriented on the

https://dx.doi.org/10.1021/acsami.0c03 147
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Figure 4. (a) Current density versus voltage (J— V) characteristic curves measured under AM 1.5G illumination and (b) EQE measurements of
fullerene OSCs based on PTB7-Th:PC;BM layer using pristine and Py-BDP-modified ZnO as ETLs. (c) Plots of V. versus intensity of light
illumination of the fullerene OSCs with either ZnO or ZnO/Py-BDP ETL. (d) J— V characteristic curves taken under illumination and (¢) EQE
measurements of nonfullerene (PM6:IT-4F) OSCs. (f) Plots of V. versus intensity of light illumination of the nonfullerene OSCs with either ZnO
or ZnO/Py-BDPETL.

Table 1. Device Characteristics of Fullerene OSCs with Structure Glass/FTO/ZnO or ZnO/Py-BDP/PTB7-Th:PC,;BM/
MoO,/Al°

ETL JicmaxUseave) (MA cm™) Ve Vocaved) (V) T e (P18 ) PCE x PCE4) (Y0) R, (Q cm?) R (Q em?)
70O 16.19(15.88 % 0.22) 0.75(0.74 % 0.1) 0.69(0.67 £ 0.2) 8.38(7.87 £ 0.21) 3.0 1300
ZnO/Py-BDP 17.83(17.24 % 0.19) 0.79(0.78 £ 0.1) 0.70(0.69 % 0.1) 9.86(9.28 £ 0.21) 1.5 1980

?Average values and standard deviations were extracted from a batch of 16 different devices fabricated under identical conditions.

opposite site toward the photoactive blend in the complete into aggregated structures (Figures S9 and S10). To evaluate
OSC structure. The device architecture and the chemical the binding model via TT—TT interactions, we employed the
structure of the donor and acceptor materials are presented in Molecular Mechanics module of Avogadro 1.20. After
Figure 2c. optimization the distance of TT—TT interactions between the
Interaction between the Nonfullerene Acceptor and approaching components of Py-BDP and IT-4F molecules was
Pyrene-Bodipy. Furthermore, we used proton nuclear calculated at 3.49 A (Figure 3e). Similar interactions beetween
magnetic resonance ("H NMR) spectroscopy experiments to pyrene derivatives and other aromatic systems have been
probe the interactions between Py-BDP and IT-4F molecules reported previously.35 A binding model with C—H"""Tr
in solution. In the presence of IT-4F all '"H NMR signals of the interactions was calculated as energetically less favored. The
pyrene part of Py-BDP are shielded (Figure 3a, max shift AS = NMR results show close proximity of the interacting Py-BDP
10 Hz), whereas the other protons almost keep constant as and IT-4F molecules even in solution state. The close
also shown in the titration experiment of Figure 3b and Figure approach in the solid state could enable efficient intermo-
S7. The titration data were fitted with a suitable nonlinear lecular charge transfer from IT-4F to pyrene (donor) segment
equation for 1:1 association (eq 1) and the value of the of Py-BDP. This is followed by intramolecular charge transfer
equilibrium constant was calculated (K =103 £ 5M ', R*= to bodipy (acceptor) segment and then to ZnO ETL. Such
0.996, Figure S8). Reversely, comparison of the 'H NMR efficient electron transfer from IT-4F to ZnO through Py-BDP
spectra of IT-4F (0.5 mg/mL) before and after the addition of interlayer was further supported by PL measurements taken in
Py-BDP (0.5 mg/mL) (Figure 3c) tevealed that only H;, H,, IT-4F films deposited on both pristine and Py-BDP-coated
and Hj of IT-4F were shielded by 3.78, 2.47, and 3.06 Hz, ZnO (on FTO/glass substrates) (Figure S11). The charactet-
respectively (Figure 3d). These observations can be explained istic emission of IT-4F was significantly quenched when
by the establishment of TT—TT interactions between the pyrene inserting the Py-BDP between the acceptot’s film and the ZnO
part of Py-BDP and the outer planar dicyanomethylene- substrate.
difluoroindanone moieties of I'T-4F, whereas the other patts of Organic Solar Cell Performance. We next investigated
the molecules remain uninvolved. Dilution experiments the effect of inserting Py-BDP at the ZnO/photoactive blend
suggested that the individual molecules do not self-assemble interface on the device performance. Figure 4a, d shows the
21965 https://dx.doi.org/10.1021/acsami.0c03 147
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Table 2. Device Characteristics of Nonfullerene OSCs with Structure Glass/FTO/ZnO or ZnO/Py-BDP/PMG:IT-4F/MoO,/

AP
ETL Jocsmas Jreave) (MA cm™) Voemax Vooaed) (V) FFiax (FFoe) PCEmas (PCEave) (Y0) R(Qem’) R (Qem?)
700 19.14(18.92 + 0.21) 0.80(0.79 % 0.1) 0.68(0.67 % 0.1) 10.41(10.01 % 0.19) 2.6 892
ZnO/Py-BDP 19.98(19.79 % 0.21) 0.82(0.81 % 0.1) 0.72(0.70 % 0.1) 11.80(11.22 £ 0.19) 14 2112
?Average values and standard deviations were extracted from a batch of 16 different devices fabricated under identical conditions.
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Figure 5. 1D GIWAXS patterns along (a, c) in-plane and (b, d) out-of-plane directions, respectively, for (a, b) PTB7-Th:PC;;BM and (c, d)
PMG:IT-4F coated on top of pristine and Py-BDP-modified ZnO substrates.

current density—voltage characteristic curves of the best-
performing fullerene- and non-fullerene-based OSCs, respec-
tively, using ZnO/Py-BDP as ETLs. The photovoltaic
parameters of these devices are also summarized in Tables 1

and 2 where average values extracted from a batch of 16 similar
devices of each type are also included. For comparison,
reference devices with pristine ZnO ETLs were also fabricated.
A significant improvement in the device performance metrics
was observed in Py-BDP-modified OSCs based on both PTB7-
Th:PC7BM and PM6:IT-4F blends, revealing the versatility of
Py-BDP as an intetlayer between ZnO and the photoactive
layer regardless of the organic donor—acceptor blend. In the
case of PTB7-Th:PC; BM-based device, the reference cell
based on ZnO ETL exhibited a short-circuit current density
(J.) of 16.19 mAcm ™2, an open-circuit voltage (Vo) of 0.75 V,
and a fill factor (FF) of 0.69, leading to a PCE value of 8.38%.
A 17% improvement in the device performance was obtained
using ZnO/Py-BDP as ETL. This atises from an inctrease in all

device electrical characteristics (Jc of 17.83 mAcm ™%, V, of
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0.79 V, and FF of 0.70, and thus a PCE of 9.86%). Similarly,
PMG6:IT-4F-based OSCs using the Py-BDP interlayer yielded a
higher PCE value of 11.80% compared with the reference cell
(PCE value of 10.41%). This 13% performance improvement
detived from the simultaneous increase in J;. (from 19.14 to

19.98 mAcm ™), V. (from 0.8 to 0.82 V) and FF (from 0.68 to
0.72). Furthermore, a significant increase in the shunt (Ry,)
resistance and a large decrease in series (R;) of the Py-BDP-
based OSCs was obtained indicating the improved quality of
the electron-transport interface compared with the reference
devices. Moreover, external quantum efficiency (EQE)
measurements of the same devices are presented in Figure
4b and 4e for the fullerene and nonfullerene OSCs,
respectively. Enhanced EQE values are observed for the Py-
BDP-modified OSCs, indicating that the insertion of Py-BDP
as an interlayer highly improves the photon-to-electron-
conversion efficiency process. This can be related to the
improvement in electron extraction as well as more efficient
absorption of the incident light (Figure S12) in the ZnO/Py-
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Figute 6. Photostability study: vatiation in (a) PCE, (b) ], (¢) V., and (d) FF versus time of unencapsulated nonfullerene OSCs under constant

AM 1.5G illumination for 9 h.

BDP-based OSCs. Figure S13 shows the J—V characteristic
curves in a semilogarithmic scale taken in electron only devices
of both types fullerene and nonfullerene ones. The device
structure was FTO/ZnO without or with Py-BDP/photoactive
layer/Al, respectively. The higher electron cutrents achieved
when using Py-BDP-modified ZnO ETLs detive from the
reduced electron extraction barrier and improved light
absorption. Moreover, for a deeper understanding of charge
recombination mechanism in fullerene and nonfullerene OSCs
using pristine and Py-BDP coated ZnO ETLs, the dependence
of V,. on the illumination intensity was investigated. The
corresponding results are shown in Figure 4c, for fullerene and
nonfullerene OSCs, respectively. The slopes of V. with respect
to the light intensity were significantly decteased upon the
application of Py-BDP. The slopes dectease from 1.12KT/g to
1.05KT/q and from 1.30KT/q to 1.07KT/q for the devices
based on PTB7-Th:PC;BM and PM6:IT-4F, respectively (K
is the Boltzmann constant, T' the absolute temperature, and ¢ is
the elementary charge). These results suggest that trap-assisted
recombination losses are suppressed in the Py-BDP-modified
cells.

The improvement in electron transport and in absorption of
incident light as well as overall device performance with the
insertion of Py-BDP between the ZnO and the photoactive
layer could be related to changes in the nanomorphology of the
BH]J film deposited on top of it. Therefore, the morphological
properties of PTB7-Th:PC;BM and PMG6:IT-4F deposited on
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ptistine and Py-BDP-modified ZnO were investigated by
performing grazing-incidence wide-scanning X-ray scattering
(GIWAXS) measurements. The 1D patterns of PTB7-
Th:PC7/BM blend deposited on ZnO and ZnO/Py-BDP
substrates for the in-plane and out-of-plane directions are
shown in Figure 5a, b, respectively. In both cases, the lamellar
peak of PTB7-Th:PC;BM film corresponding to the (100)
Bragg reflection at g = 3.06 nm™"is cleatly seen in the out-of-
plane curves, in addition to the peak at ¢ = 3.17 nm™'in the in-
plane curves.” Interestingly, the polymer alkyl stacking peak of
the ZnO/Py-BDP/PTB7-Th:PC,;BM sample is more intense
compated with that of the ZnO/PTB7-Th:PC;;BM indicating
a higher degree of crystallinity in the blend when deposited on
top of ZnO/Py-BDP. On the other hand, an inctease in the

intensity of the broad in-plane peak centered at ~13 nm™" (d
0.48 nm) attributed to the (220) peak of PC;BM was
observed in the Py-BDP-modified ZnO/PTB7-Th:PC;BM,
indicating an enhancement in aggregation of PC71BM.57
Notably, the (010) peak at 17.3 nm™' which is attributed to
the TT—TT stacking of PTB7-Th is completely absent in the in-
plane pattern of the blend film on ZnO, whereas it appeats,
though very weak, in the pattern of the blend film on top of
ZnO/Py-BDP. Similatly, the degree of crystallinity of PM6:IT-
4F blend deposited on ZnO/Py-BDP substrate is also higher
compared to that of the ZnO/PMG6:IT-4F sample, as
evidenced by the overall higher peak intensity in the former

~
~

case. The lamellar peak at g = 3.3 nm™ ! observed in the out-of-
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Figure 7. UV —vis absorption spectra of fresh and exposed to AM 1.5 G (1 sun) light illumination I'T-4F films coated on (a) ZnO and (b) ZnO/Py-
BDP substrates. (c) Absorption maximum changes of IT-4F deposited on pristine and Py-BDP-modified ZnO under AM 1.5G light exposure.

plane direction for both samples corresponding to (100) plane
of PMG6 is more intense for the PM6:IT-4F coated on Py-BDP-

modified ZnO. A weak TT—T1T stacking peak attributed to the
(010) plane of PM6 at ~17.8 nm™' (d = 0.35 nm) also appears
irrelst is sample, indicfatinég %we%k face-on oriefrigaytiﬁf;g’” Tﬁese
ults present evidencd’that the mnsertion of Py-BDP at the

ETL/photoactive layer interface influences the molecular
ordering of the organic blend (both PTB7-Th:PC;BM and
PMG6:1T-4F) by inducing a higher degree of crystallization and
face-on orientation of the polymer donor (and improved
aggregation in the case of PC7BM acceptor). The improved
T—T polymer stacking is an additional reason for the
enhancement in electron transport toward the cathode in the
modified devices. The improved ordering of organic blends on
top of the modified ZnO could be related to the decrease in
surface energy of ZnO upon Py-BDP coverage. The lower
surface energy may favor the nucleation and growth of more
ctrystalline films, as evidenced by GIWAXS measurements.

Photostability Study. One of the main goals of this work
was to successfully mitigate the photocatalytic activity of ZnO
on NFA, thus improving the device stability under constant
illumination. From Figure 6 and Figure S14, it is evident that
the intentionally unencapsulated OSCs with the Py-BDP
modified ZnO ETL exhibited significantly enhanced photo-
stability, as manifested by the slower decrease of all electrical
characteristics of these devices when subjecting to continuous
illumination with AM 1.5G (1 sun) light for 540 min (9 h).
These measurements were petformed in air at 25 °C and 40%
relative humidity. For the lifetime experiment, we measured
five cells of each type. It is deduced that the Py-BDP-modified
OSC based on PTB7-Th:PC,;BM blend retained 66% of the
initial PCE wvalue after 540 min of constant illumination,
whereas the reference cell employing the pristine ZnO ETL
retained only 24% of the initial PCE under the same time
period and identical measurement conditions. Similatly, in the
case of nonfullerene OSCs with the PM6:IT-4F layer on top of
ZnO ETL, the PCE dropped to about 70% of its initial value.
In contrast, in the Py-BDP-modified device, this drop was only
41%, after 540 min of constant AM 1.5G illumination at the
same conditions (measured in air, at 25 °C and 40%
relative humidity).

To undetstand the enhanced photostability of ZnO/Py-
BDP-based OSCs, we should take into account that ZnO
behaves as a photocatalyst under UV illumination and,
therefore, it is possible that it decomposes the IT-4F during
1 sun illumination (that contains a small portion of UV light).
This is because, under irradiation with light of energy higher
than its energy gap (that is UV light), ZnO can generate

electrons (e7) in the CB and positively charged holes (h™) in
the VB. On the surface of ZnO, the photogenerated holes (h")
will react with adsorbed H,O to form hydroxyl radicals (OH).
The photogenerated electrons (e”) can be captured by O,
SR O RN e
radicals (OH). Hydroxyl radicals and superoxide radicals and
are very powerful oxidants that can decompose organic
molecules (the NFA acceptor). Furthermore, direct decom-
position of IT-4F through recombination of photogenerated
electrons in ZnO and holes in the NFA is possible. The
positions of the VB and CB edge of ZnO are crucial to those
reactions.”””" Through inserting a thin Py-BDP interlayer, we
pose a physical barrier between ZnO and I'T-4F and an upward
shift in the the CBM of ZnO (from 4.0 to 3.7 eV, see Figure
2b), which might disrupt the photocatalytic activity of ZnO
(by increasing the energy difference between the CBM of ZnO
and HOMO level of IT-4F). Besides the photostability, we also
performed aging studies in a batch of five different cells of each
type fabricated under identical conditions. The devices were
intentionally unencapsulated, whereas they were measured in
air every 24 h for a total of 600 h. The devices were kept in
dark between measurements. The representative results of
these studies are shown in Figure S15. It is deduced that
although OSCs based on unmodified ZnO ETLs showed a
gradual decrease in all the device characteristics retaining about
50% of the initial PCE for the fullerene and 60% of the initial
PCE for the nonfullerene ones, those based on Py-BDP
modified ZnO were significantly more stable. They presented
less degradation in their performance characteristics hence
preserving about 80% of their initial PCE for the same time
period.

To gain further insights into the improved photostability of
ZnO/Py-BDP-based devices, we investigated the photo-
degradation of both types of acceptors coated as individual
films on pristine and Py-BDP modified ZnO. The absorption
spectra of these films before and after their 1 sun illumination
were recorded. Figure 7a, b show the normalized absorption
spectra of ZnO/IT-4F and ZnO/Py-BDP/IT-4F, respectively,
fresh and exposed for 0.5, 3, 5, and 9 h. The absorption
specttum of ZnO/Py-BDP/IT-4F film does not change
considerably after 5 h of constant illumination, unlike the
absotption of ZnO/IT-4F film, which showed a significant
alteration after illumination for the same time. Figure 7c
depicts the decrease in the intensity of the absorption
maximum of the IT-4F characteristic peak (at ~700 nm),
which is attributed to the TT = TT* transition and intramolecular
charge transfer from the donor to acceptor moiety of IT-4F.”
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Figure 8. FTIR transmittance spectra of fresh and 1.5 AM light-exposed IT-4F films coated on (a) ZnO and (b) ZnO/Py-BDP substrates.

A more rapid decrease is evident when the NFA is deposited
on ZnO substrate. Moreover, the intensity of the shoulder peak
around 647 nm is significantly increased for the 5 h exposed
ZnO/IT-4F film, indicating that illumination affects more
quickly the molecular self-organization in the NFA film
deposited on bear ZnO, than in the case of ZnO/Py-BDP/
IT-4F szlmple.(}3 Similar results were obtained for PC,BM
films coated on the pristine and Py-BDP-modified ZnO
substrates (Figure S16). In particular, ZnO/PC,BM films
showed a pronounced photodegradation after 5 h of exposure,
where a gradual decrease in the intensity of the peak at 375
nm, corresponding to the inter band transition among the TT
orbitals, was clearly observed (Figure S16a). In contrast,
PCBM film deposited on the ZnO/Py-BDP (Figure S16b)
exhibited remarkable photostability. These results indicate that
the insertion of Py-BDP on ZnO ETL mitigates photocatalyti-
cally induced degradation of NFA and explain the supetior
photostability of OSCs with the Py-BDP interlayer.

To further investigate the photostability of acceptor films
coated on pristine and Py-BDP-modified ZnO substrates, we
performed Fourier transform infrared (FTIR) measurements.
Figure 8a, b shows the FTIR transmittance spectra of ZnO/IT-
4F and ZnO/Py-BDP/IT-4F films, respectively, fresh and
exposed to 1.5 AM illumination for 0.5, 3, 5, and 9 h. In both
FTIR spectra, peaks at 2218 cm ™' (BN stretch), and 1704
cm™! (CIIXO stretch) are observed, as well as the bands
between 1591 and 1452 cm™! (C—Ciing stretch) and 1246 and
1132 cm™! (C—=H,ing bend). In addition, a reduction in the
intensity of C KN upon light exposure is evidenced, which in
the case of ZnO/IT-4F film took place after only 3 h of
exposure and in the ZnO/Py-BDP/IT-4F film was not
observed until after 5 h of illumination. A similar trend was
noticed for the C—Cp, and C—Hyye bands in the same time
frame. More importantly, the intensity of the peak at 1704
cm™ ! corresponding to unsaturated carbonyl (C ) stretch-
ing vibrations for the ZnO/IT-4F sample gradually reduced in
the span of 3 h, and a new peak appeared at 1730 cm ™'
attributed to the saturated carbonyl stretching vibrations.”* On
the other hand, in the ZnO/Py-BDP/IT-4F sample, both peaks
at 1704 and 1730 cm ™! were observed in the exposed sample,
revealing a more slower/gradual degradation. The peak at 1704
cm™ finally disappeared only after 9 h of exposure. FTIR
measurements were also performed for PC7BM films coated
on pristine and Py-BDP-modified ZnO substrates, and the
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corresponding transmittance spectra are presented in Figure
S17. No significant changes in both spectra are observed after
exposure for 5 h, in accordance with UV —vis measurements
(Figure S10), indicating that PC;BM acceptor is generally
more photostable than IT-4F.” However, after exposure for 5

h, the intensity of the peak at 699 cm ™' corresponding to C—H
bond was reduced in the ZnO/PC7BM sample and finally
disappeared only after illumination for 9 h, whereas the
specttum of the ZnO/Py-BDP/PC,BM film remained
unchanged. These results suggest that Py-BDP can delay the
degradation of fullerene and nonfullerene acceptors caused by
the photocatalytic activity of the ZnO ETL.

3. CONCLUSIONS

Highly efficient fullerene and nonfullerene OSCs were
fabricated using a thin Py-BDP interlayer between the ZnO
ETL and the photoactive blend. The introduction of this

donor—acceptor dye has induced significant reduction in the
Wk of ZnO, hence favoring electron transport toward the
cathode. Moreover, it beneficially affected the nanomorphol-
ogy of the photoactive blend, inducing a higher degree of

crystallinity and face-on stacking of the polymer donor
molecules within the blend. Accordingly, using the Py-BDP-
modified ZnO ETL, PCE values as high as 9.86 and 11.80%
were achieved for the fullerene and nonfullerene devices,
respectively, which are higher than their pristine ZnO ETL
counterparts. In addition, Py-BDP served as a protective layer
suppressing the detrimental photodegradation of both types of
acceptors, especially of the nonfullerene one, caused by the
photocatalytic activity of ZnO upon UV illumination. The
photostability of the Py-BDP-modified interface leads to
substantially prolonged stable operation of the OSC devices,
which is a prerequisite to their future commercialization.

4. EXPERIMENTAL SECTION

Fabrication of Inverted OSCs. Fluorine-doped tin oxide (FTO)-
coated glass substrates (Solaronix) were washed by sonication
subsequently in deionized water, acetone, and isopropyl alcohol for
10 min each. A thin film (~50 nm) of ZnO was applied on the FTO
cathode electrode using solution-processing followed by thermal
annealing at 250 °C for 20 min. Particulatly, the ZnO film was
deposited by a 0.5 Mmol L' ZnO sol—gel that was prepared using
zinc acetate dihydrate in a mixture of ethanolamine and 2-
methoxyethanol through spin-coating at 6000 rpm for 40 s. Py-BDP
was then spin-coated on ZnO to act as surface modifier of ETL from a
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0.35 mg mL~" methanol solution at 2000 rpm for 40 s. Note that prior
to deposition, Py-BDP solution was filtered by a 0.22 ym Millipore
filter. The photoactive layers of the fullerene and nonfullerene OSCs
deposited on pristine or Py-BDP-coated ZnO consisted of either
PTB7-Th:PCBM or PM6:IT-4F blends, respectively. In particular,
PTB7-Th:PCBM blends were dissolved in 1,2-dichlorobenzene,
adding also 3 v/v% 1,8-diiodooctane (DIO) having a concentration of
10:15 mg mI.™", and then spin-coated in an argon-filled glovebox at
1000 rpm for 90 s to form uniform films, which were left to dry for 30
min. On the other hand, PM6:IT-4F blended films wete spin-coated
from a 10:10 mg mL " chloroform solution, containing a 0.5% per
volume DIO, at 2500 tpm for 60 s. Then, the prepared films were
placed on a hot plate at 100 °C for 10 min (also in an argon-filled
glovebox). Subsequently, MoO, films acting as hole-transport layers
(HTLs) were deposited on the photoactive films using a hot-wire
vapor deposition system. Finally, the top electrode consisting of Al
was thermally evaporated under a high vacaum (~1 X 107 Torr)
through a shadow mask forming an active area of 12.56 mm?

Characterization Techniques. In respect to the electrical
characterization of the fabricated OSCs, J—V measurements were
performed using a Keithley 2400 source-measure unit under light
illumination, where the illumination source was a Xe lamp including
an AM 1.5G filter. The calibration of the solar simulator to 1 sun (100
mW cm %) was performed with a Newport meter. EQE spectra were
recorded using an Autolab PGSTAT-30 potensiostat, equipped with
an Oriel 1/8 monochromator and a 300 W Xe lamp. GIWAXS
patterns were acquired by beamline BLLI6B1 (Shanghai Synchrotron
Radiation Facility). UPS measurements were made using the He I
(21.2 eV) excitation line. A voltage of 12.23 V was applied to the
specimen in order to separate the high BE cutoff from the analyzer
(Leybold EA-11). A Perkin Elmer Lambda UV —vis spectrometer was
used to record UV—vis absorption and transmittance spectra of
modified or not metal oxide films, as well as organic blended layers
coated on top of them. FTIR transmittance measurements were
carried out for both pristine and Py-BDP-coated ZnO samples, along
with the different photoactive ovetlayers using a Bruker Tensor 27
FTIR spectrometer having a DTGS detector.

NMR Experiments. One- and two-dimensional NMR spectra
were recorded on either Bruker Avance 500 MHz or Bruker Avance
IIT 250 MHz spectrometers as solutions in CDCl; using the residual
solvent signal as the internal standard and were processed with
Topspin 4.0.8. A solution of Py-BDP in CDCl; (0.5 mg/mL) and a
concentrated solution of IT-4F (50 mg/mL) were prepared. The
solution with IT-4F was then added in a small aliquot (5 ML for
addition of 0.25 mg/mlL), to reach the final Py-BDP/IT-4F ratio as
used for photovoltaic cells. Binding constants (K) were estimated
from nonlinear least-squares fitting of the NMR ftitration data using
the suitable equation for 1:1 binding of Py-BDP with I'T-4F.*

AS = (Admand [H16)(0.5[G]o + 0.5([H1, + 1/K)
- (0.5([Glo? + (2[Glo(1/K - [H1p))

+ (1/K + [H15)*)**) M

where A is the chemical shift change (in ppm) of pyrene Hj, on Py-
BDP at [G], Ay, is the chemical shift change of the H, resonance
when the guest is completely complexed, and [H]yis the fixed initial
concentration of I'T-4F. The optimization of interactions between Py-
BDP and IT-4F based on NMR data was carried out using Avogadro
software (version 1.20).°"°® The calculations were performed at the
Molecular Mechanics (MM) level of theory and Universal Force
Fields (UFF) using Steepest descent as local algorithm. This
minimum energy representation resulted from three different
conformations depending on the distance between the pyrene part
of Py-BDP and the difluoro phenyl ring of IT-4F.
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