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New Ternary Blend Strategy Based on a Vertically
Self-Assembled Passivation Layer Enabling Efficient and

Photostable Inverted Organic Solar Cells

Soyeong Jeong, Aniket Rana, Ju-Hyeon Kim, Deping Qian, Kiyoung Park, Jun-Ho Jang,
Joel Luke, Sooncheol Kwon, Jehan Kim, Pabitra Shakya Tuladhar, Ji-Seon Kim,

Kwanghee Lee,* James R. Durrant,* and Hongkyu Kang*

Herein, a new ternary strategy to fabricate efficient and photostable inverted
organic photovoltaics (OPVs) is introduced by combining a bulk
heterojunction (BH]J) blend and a fullerene self-assembled monolayer
(Ceo-SAM). Time-of-flight secondary-ion mass spectrometry - analysis reveals
that the ternary blend is vertically phase separated with the C¢,-SAM at the
bottom and the BH) on top. The average power conversion efficiency - of
OPVs based on the ternary system is improved from 14.9% to 15.6% by
Cso-SAM addition, mostly due to increased current density (J..) and fill factor
-. It is found that the C,-SAM encourages the BH) to make more face-on
molecular orientation because grazing incidence wide-angle X-ray scattering -
data show an increased face-on/edge-on orientation ratio in the ternary blend.
Light-intensity dependent J.. data and charge carrier lifetime analysis indicate
suppressed bimolecular recombination and a longer charge carrier lifetime in
the ternary system, resulting in the enhancement of OPV performance.
Moreover, it is demonstrated that device photostability in the ternary blend is
enhanced due to the vertically self-assembled Cg-SAM that successfully
passivates the ZnO surface and protects BH] layer from the UV-induced
photocatalytic reactions of the ZnO. These results suggest a new perspective
to improve both performance and photostability of OPVs using a facial ternary
method.

1. Introduction

Organic photovoltaics (OPVs) are attract-
ing significant research attention due
to their light weight, flexibility, and so-
lution processability and therefore have
their promising potential for future solar
applications.['*] Intensive research efforts
have been devoted to develop donor and
acceptor materials in order to improve
power conversion efficiency (PCE),[*%) with
the development of Y6 and its derivatives
as nonfullerene acceptors (NFAs) yielding
efficiencies of over 15%.U"] Moreover, with
the further molecular engineering of donor
polymers such as D18, remarkable PCEs
based over 18% have been achieved by
Li et al. for on D18:Y6 devices.!l Among
other strategies to improve PCEs, ternary
blend systems, which commonly con-
sist of one donor and two acceptors or
two donors and one accepter, are mak-
ing further progress towards the highest
OPV performance.?*1% Complementary
effects of enhanced light absorption and
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morphology in such ternary systems have allowed improve-
ments in device performance, with Liu et al. recently reporting a
ternary OPV comprising two donors and one acceptor with the
highest PCE of 19.3%.[1!] These high performance devices bring
the OPV field closer to large scale commercialization. However,
for such commercialization, some stability issues remain to be
addressed, including excessive phase separation under thermal
stress, photoinduced degradation of photoactive layers, defor-
mation by mechanical stress, and interfacial instability induced
by defect sites on charge collection layers.'?"14] | Although the
degradation mechanisms of polymer:fullerene-based OPVs,
triggered by factors such as oxygen, heat, and light, have been
extensively studied during the past two decades, the stability
studies for the state-of-the-art NFA-based OPVs have not pro-
gressed as rapidly because most research efforts have focused
on enhancing the PCEs of the devices.!'>1%

From a structural point of view, the inverted n-i-p architec-
ture has been normally considered as more stable compared to
conventional p-i-n devices for fullerene-based OPVs, due to their
use of high work function metals as a stable top anode.[?>-22| For
the high performance NFA-based OPVs, however, this structure
raises new stability issues at the interfaces between the photoac-
tive layer and charge collection layers. Zinc oxide (ZnO) has been
widely utilized as an electron transport layer in the inverted ar-
chitecture owing to its high transparency in the visible region,
high electron mobility, and high ambient stability. However, the
UV-light induced photocatalytic reactivity of the ZnO can be
particularly destructive for some NFAs, especially those having
end groups such as indandione or rhodanine in their molecular
structure.?3] Because these end groups are connected with core
by a nonaromatic double bond, they can be easily attacked by the
active radicals induced from photocatalytic reaction of ZnO.!**]
It has been demonstrated that photobleaching rapidly occurs in
the NFAs such as IT-4F, ITIC, and Y6 deposited as films on
ZnO under UV illumination, so called “UV-induced dimeriza-
tion process.”[2324] A deeper investigation of the ITIC reveals that
the ITIC molecule can occur dimerization. These UV-induced
decomposition or dimerization processes can causes an absorp-
tion loss and increased charge trapping, resulting in increased
charge recombination and shunt formation. Several surface mod-
ifiers, such as amine group-functionalized perylene diiminde
(PDIN),!®] polyethyleneimine (PEI),2°! and fullerene-based self-
assembled monolayer (C,-SAM),[27-% have been introduced at
the interface as a passivation layer to protect the photoactive layer
from this harmful influence of ZnO. However, inserting surface
modifiers in between ZnO and bulk heterojunction (BHJ) in-
duces the complexity in fabrication of the OPVs, thereby increas-
ing the potential cost of the OPV manufacturing. For instance,
to fabricate the ZnO/C-SAM film, it is required to additionally
coat the C,-SAM layer onto the ZnO layer and then perform an
extra rinsing process with a clean solvent for creating a C-SAM
monolayer and preventing C,-SAM aggregation. As a result, in-
corporating two additional processes could lead to considerable
losses in terms of both time and cost for the OPV mass produc-
tion.

In this work, we demonstrate a new ternary system that is able
to form a vertically self-assembled passivation layer on the in-
terface between photoactive layer and charge collection layer for
improving both device performance and photostability. Because
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of the self-assembly characteristic of C¢,-SAM, the new ternary
system can offer a processing advantage that reduces the addi-
tional coating and rinsing processes for forming the C,-SAM
monolayer. The ternary blend consists of a BH] composing D18
as a polymer donor and Y6 as NFA and a self-assembled mono-
layer (Cgy-SAM). The C,-SAM can be vertically self-assembled
at the surface of ZnO layer by inducing a condensation reac-
tion between the carboxylic acid end group of C,-SAM and hy-
droxyl groups on the surface of ZnO, resulting in a pseudo C,-
SAM/BH] bilayer. The self-assembled C,-SAM layer functions
as a passivation layer that slows down the photoinduced degrada-
tion of the devices by suppressing photobleaching of BH]J against
UV light. Moreover, the ternary OPV device shows improved de-
vice efficiency, mainly due to increased Jsc and fill factor (FF).
Grazing incidence wide-angle X-ray scattering (GIWAXS) and
charge carrier lifetime analyses reveal that the C,-SAM encour-
ages a face-on orientation of the BH]J, improving charge carrier
lifetime and mobility.

2. Results and Discussion

Figure 1a,b illustrates the inverted ITO/ZnO/BH]J/MoO,/Ag de-
vice structure and the molecular structures of the materials (D18,
Y6 and Cy;-SAM) used in this study. The energy levels of the ma-
terials are presented in Figure S1 (Supporting Information). The
Cgo-SAM was independently dissolved in isopropyl alcohol (IPA)
at concentrations of 0.5, 1, 2, and 5 wt%, and then 0.5 vol% of
these solutions was added to the BH]J solution. Because of the
hydrophilic functional groups and self-assembly characteristic of
the Cy-SAM, the BHJ:Cy-SAM solution is expected to sponta-
neously induce vertical phase separation and to form a BHJ/Cg,-
SAM bilayer. When the BHJ:C,,-SAM solutions are spin-coated
on the ZnO, a strong centrifugal force induces a convection flow
in the solution that can provide a sufficient driving force to move
Cg-SAM onto the ZnO surface during film formation.*!l Be-
cause the carboxylic acid groups contained in the C¢,-SAM can
undergo a condensation reaction with surface hydroxyl groups
on ZnO, the C,-SAM has the potential to self-assemble on the
ZnO surface (Figure 1a).273]

To confirm our expectation, we first performed time-of-flight
secondary-ion mass spectrometry (ToF—SIMS) to obtain verti-
cal profiles of the atoms distribution in ITO/ZnO/D18:Y6 and
ITO/Zn0O/D18:Y6:C,,-SAM structures. As shown in the illustra-
tion for ToF-SIMS analysis in Figure 1c, secondary ions were
detected starting from the top to bottom of the films. In the re-
sulting depth profile (Figure 1d), the C,,” and Zn" ions can be
assigned to the C,,-SAM and ZnO, respectively. The peak inten-
sity of the Cy,~ ions is increased at the surface of the ZnO in
all samples, which indicate that the major amount of C,-SAM
molecules are at the surface of the ZnO. Meanwhile, the C,™ in-
tensities in BH] area were slightly increased in the BHJ:C(,-SAM
films compared with the neat BH]J films, which indicates that a
small amount of C-SAM remained in the BH]J layers. We note
that a smaller amount of apparent C,- ions can be also detected
in the BH]J films without C,-SAM because of the long carbon
backbones and side chains of the photoactive materials. Further-
more, to prove the formation of the ester group between ZnO
and Cy,-SAM, we conducted an X-ray photoelectron spectroscopy
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Figure 1. a) Schematic device structure of organic photovoltaics (OPV) devices and vertical separation in the D18:Y6:C¢y-SAM solution. b) Molecular
structures of photoactive materials (D18 and Y6) and an additive (Cg-SAM) used in this study. c) Scheme of time-of-flight secondary-ion mass spec-
trometry (ToF-SIMS) measurement and d) depth profiles of ZnO/D18:Y6 films without and with Cgy-SAM additive. e) Absorption spectra of the neat

D18, Y6, Cgo-SAM, D18:Y6, and D18:Y6:Cyo-SAM films.

(XPS) analysis on Cy-SAM, ZnO, and ZnO/C-SAM films. In
the O Is core level spectra, we observed a blue-shift in the binding
energy of oxygen at the ZnO/C,-SAM interface relative to that of
ZnO film alone, implying the formation of chemical bonds at the
ZnO/Cy,-SAM interfaces (Figure Sla, Supporting Information).
In Figure S1b,c (Supporting Information), the C Is core level
spectra confirm the presence of an ester group at the interface.
In Figure le, the absorption spectra of the D18, Y6, C,-SAM,
D18:Y6, and D18:Y6:C,-SAM films were measured by UV-Vis—
IR spectroscopy. Ground state absorption spectra of neat D18 and
Y6 films showed maximum absorbance at 540 and 840 nm, re-
spectively. Compared with the D18:Y6 film, the ternary blend film
with 2 wt% of C,-SAM did not exhibit any obvious change, con-
sistent with the Cy,-SAM showing negligible absorption in the
corresponding region.

Adv. Sci. 2023, 2206802

To explore the impact of Cy-SAM in the BHJs on OPV per-
formance, OPVs based on D18:Y6 and D18:Y6:C-SAM systems
were fabricated with the structure described in Figure la. To
find the best performance, we fabricated OPVs with different
amount of C¢,-SAM from 0 to 5 wt% in the BH]Js as displayed
in Figure S3 and Table S1 (Supporting Information). The ternary
OPVs of D18:Y6 with 2 wt% of Cy-SAM showed optimal device
performance, so we fixed on this condition for further analysis.
Meanwhile, the OPVs with 5 wt% of Cg-SAM show significant
decrease of J. and FF, and a slight change of V.. Optical mi-
croscope images displayed in Figure S4 (Supporting Informa-
tion) reveal a significant number of micron-scale aggregates in
the D18:Y6:C,-SAM (5 wt%) film. We suspect that this subopti-
mal surface condition at the D18:Y6:C,-SAM (5 wt%) film neg-
atively impacts to the device performance. The current density

2206802 (3 of 9) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 2. a) -V curves, b) EQE spectra, c) light intensity dependent J. values, and d) charge carrier lifetime verses charge carrier density of organic

photovoltaics (OPV) devices based D18:Y6 and D18:Y6:Cgy-SAM systems.

Table 1. The optimized photovoltaic performances of the organic photovoltaics (OPVs) based on D18:Y6 and D18:Y6:Cgy-SAM under the illumination

of AM 1.5G, 100 mW cm—2.

BH) Voc V]

Jsc [mA cm™?] (cal. Ji.)?

FF PCE [%)]) (PCE,.y)

D18:Y6 0.81+0.01
D18:Y6:Cqy-SAM 0.81+0.02

25.0 + 0.68 (23.6)
25.9 + 0.84 (24.5)

0.71+0.02
0.72 +£0.02

14.4 + 0.34 (14.9)
15.0 + 0.55 (15.6)

Average values are obtained from 10 individual devices 2 T o cal. J,. values are obtained by integrating the EQE spectra.

voltage (J-V) characteristics and the EQE spectra of D18:Y6 OPV
devices with and without 2 wt% of C-SAM are shown in Fig-
ures 2a,b, with the corresponding photovoltaic parameters sum-
marized in Table 1. We note that each OSC parameter described
in the Table 1 is the average from 10 individual devices. The
reference OPV without Cy,-SAM exhibited the PCE of 14.4%,
V.. of 0.81 V, a J. of 25.0 mA cm~2, and a FF of 0.71, which
are comparable to the reported literature values. In comparison
with the reference devices, D18:Y6:C,-SAM-based ternary OPVs
show the enhanced PCE of 15.0%, with V. of 0.81 V, a J,. of
25.9 mA cm™2, and a FF of 0.72. It is apparent that the addi-
tion of 2 wt% Cg,-SAM results in slight PCE improvement com-
pared with reference cell, mainly due to the increase of J, and
FF. The same effect was observed shown in the OPVs using a
preformed ZnO/C,-SAM bilayer as shown in Figure S5 and Ta-
ble S2 (Supporting Information), with increases of the J. and FF,
consistent with vertical separation of D18:Y6 and C,-SAM lay-
ers. Moreover, dark J-V characteristics in Figure S7 (Supporting

Adv. Sci. 2023, 2206802

Information) showed overall improved diode performance and
lower reverse current for the devices with C,-SAM compared to
the reference device. These data clearly demonstrate an improve-
ment in both J and FF with the C-SAM, whereas the V,_being
invariant.

We focus now on the increases in J,. and FF with addition of
Cqo-SAM, which is well matched with the improved EQE curves
as shown in Figure 2b. Because the absorption spectra of the
D18:Y6 and D18:Y6:C(,-SAM films are not significantly changed
(Figure 1e), we can conclude that the increases of the J,. and
FF are not contributed by the absorption of C,,-SAM or the
BHJ. Next, steady state photoluminescence (PL) quenching mea-
surements of D18:Y6 and D18:Y6:Cy-SAM films were carried
out to confirm if the C-SAM affects the efficiency of charge
separation at the BH] interfaces. The relationship among PL
quenching, morphology, and exciton transfer in OPVs is crucial
for their overall efficiency. Optimal morphology ensures efficient
exciton transfer and charge separation, leading to effective PL

2206802 (4 0‘F9) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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quenching. Based on the PL spectra presented in Figure S6 (Sup-
porting Information), we can confirm that quenching occurred
for both D18:Y6 and D18:Y6:Cy-SAM films by Y6 (excited at
550 nm). This suggests that C,,-SAM did not affect exciton sep-
aration in the D18. Furthermore, we observed excellent quench-
ing for both films by D18 (excited at 780 nm), indicating that both
films have efficient Y6 exciton separation. This is indicative of fa-
vorable film morphology for exciton separation in both devices
and suggests that the difference in J is not due to a difference
in exciton separation.

To investigate this further, we performed light-intensity (P,
dependent J,. measurements to investigate possible bimolecular
charge recombination losses during extraction. In general, the
relationship of [, and Py, can be described as J, Pﬁght.[”'”]
If the bimolecular recombination for the charge carriers in the
OPVs is negligible, the power-law index (a) will approach 1.
As shown in Figure 2¢, the « values of the devices based on
D18:Y6 and D18:Y6:C,,-SAM systems were calculated to be 0.961
and 0.988, respectively. The slightly higher value of the ternary
OPVs indicates that the suppressed bimolecular recombination,
in agreement with the higher FF than the reference OPV. More-
over, charge-recombination lifetime and drift mobility for these
OPVs were determined from transient photovoltage (TPV) and
charge extraction (CE) measurements (see Experimental Section
for details).**] Figure 2d shows charge carrier lifetime as a func-
tion of carrier density obtained from TPV measurement demon-
strate that lifetime at 2.3 x 10'® cm™ carrier density (around 1
sun illumination) for D18:Y6 is 1.54 us whereas for D18:Y6:C,-
SAM device it become 3.25 ps, which is almost twice from the
control device. In Figure S7d (Supporting Information) higher
drift-mobility compared with reference OPVs above 1 sun illu-
mination intensity due to fast de-trapping/extraction of charge
carriers. Also the fast CE under short-circuit condition can be
observed in Figure S7c (Supporting Information). Which is con-
sistent with the higher value of «, and indicative of suppressed
bimolecular recombination losses during charge transport and
collection. Overall from CE-TPV analysis we can conclude that
the enhanced J¢- and FF observed the D18:Y6:C(,-SAM devices
results from more efficient charge collection due to enhanced
charge mobility and suppressed charge recombination.

To investigate the morphological origin of the more efficient
charge collection for the D18:Y6:C,-SAM device, atomic force
microscopy (AFM) and GIWAXS measurements were performed
(Figure 3a—f). AFM topography images of D18:Y6 (Figure 3a)
and D18:Y6:C,-SAM (Figure 3d) films showed that root-mean
square values of 1.00 and 0.97 nm, respectively, indicating that
adding of C,-SAM in the D18:Y6 system had no significant ef-
fect on the topography and surface roughness. Similar nanomor-
phologies were found in phase images of corresponding films
(Figure S8, Supporting Information), which are consistent with
the PL quenching data. Next, GIWAXS measurements were car-
ried out to obtain a deeper insight into the molecular packing
information. Prior to analysing the BHJ films, neat D18, Y6, and
Cy-SAM films were investigated (Figure S9, Supporting Infor-
mation). A line cut of neat D18 film exhibits a lamellar diffrac-
tion peak of 0.31 A~! (d spacing: 2.0 nm) and a z—z stacking
diffraction peak of 1.6 A~' (d spacing: 0.39 nm), in agreement
with previous literature.l*! As shown in the Figure 3b,e, the (100)
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lamellar diffraction peaks appeared at q,, and g, directions in
D18:Y6 and D18:Y6:Cy,-SAM films, which indicate that face-on
and edge-on orientations are coexisting in these films. Figure 3c
displayed line-cut profiles of D18:Y6 and D18:Y6:Cy-SAM films
with the out-of-plane and in-plane direction. The D18:Y6 film
showed a (010) z—= stacking diffraction peak at 1.68 A~ (d spac-
ing: 0.37 nm) and (100) diffraction peak at 0.31 A~! (d spacing:
2.0 nm). Similarly, the D18:Y6:C,-SAM film exhibited a (010) z—
7 stacking diffraction peak at 1.68 A~" (d spacing: 0.37 nm) and
(100) diffraction peak at 0.30 A~! (d spacing: 2.1 nm), indicating
that the molecular characteristics are not significantly changed.
Finally, to focus on molecular orientation, we performed a pole
figure analysis of the blend films. Figure 3f displays the pole plot
extracted from the (100) lamellar diffraction of the D18:Y6 and
D18:Y6:C(,-SAM films. The inset of the Figure 3b is a close-up
of the lamellar diffraction over a range of the polar angles (y).
The lamellar diffraction peaks are extracted from the line cut data
along the azimuthal angle from 0° to 180°. The integrated areas in
the range of y of 0-45° and 135-180° (A,)) and 55-125° (A,) were
defined as face-on and edge-on orientation, respectively.3®3’] The
fraction of face-on to edge-on ratio (A,,/A,) increased from 80%
to 84% when the 2 wt% of C,-SAM is added to D18:Y6, suggest-
ing that the D18:Y6:Cy,-SAM film prefers a more face-on orien-
tation than reference film. This enhanced face-on preference in
ternary blend is consistent with the slightly improved charge mo-
bility and charge collections efficiency discussed above.

The results discussed above have shown that the Cy-SAM is
able to affect the molecular orientation of the D18:Y6 blend and
thus improve the device performance. To investigate the univer-
sality of this impact of C-SAM inclusion, OPVs with the differ-
ent BHJ blends PTQ10:Y6 and PM6:Y6 with 1 wt% of C,-SAM
additive were fabricated (Figures S10 and S11, Supporting Infor-
mation). Photovoltaic parameters of the OPVs and the GIWAXS
pole plots extracted from the (100) lamellar diffraction data of the
PTQ10:Y6 and PM6:Y6 systems are displayed in Table S3 and
Figure S12 (Supporting Information), respectively. We note that
solvent additives such as 1-chloronaphthalene, which are com-
monly used in optimized PTQ10:Y6 and PM:Y6 OPVs, were not
used to clearly see the effect of the C,,-SAM. We found similar
Cgo-SAM on both device efficiency and molecular orientation for
both PTQ10:Y6 and PM6:Y6 systems. An improvement of ], and
FF and therefore PCE in all three ternary devices was observed,
while the A, /A, values of the ternary films increased. This re-
sults indicates that the C.,-SAM ternary system can be a univer-
sal strategy for improving OPV performances.

We now evaluate the photostability of the OPVs based on
D18:Y6 and D18:Y6:Cy,-SAM. The device operational stabilities
of the devices without encapsulation were tested under 1 sun illu-
mination in N,. Normalized PCE, V,, .., and FF data are shown
in Figure 4a—d. Notably, the photostability of the device with the
addition of 2 wt% of C,-SAM is improved which retain 90%
of their original PCE (Ty,) after 8 h illumination, whereas the
Toge, Of theD18:Y6 device was only 0.33 h governed by J. and FF
losses. In order to understand the improvement of photostability,
we fabricated films with the structure of ITO/ZnO/D18:Y6 and
ITO/Zn0O/D18:Y6:Cy,-SAM. Then, UV-Vis absorption spectra of
the films were measured before and after 365 nm UV illumina-
tion in N, condition for 3 h. In Figure 4e,f, we found a 11% and
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Figure 3. a) Atomic force microscopy (AFM) topography (2 X 2 um) image and b) Grazing incidence wide-angle X-ray scattering (GIWAXS) pattern of
D18:Y6 film. The inset of (b) is the polar angle (x) range. c) In-plane (black) and out-of-plane (green) line-cut profiles of the D18:Y6 and D18:Y6:Cgy-SAM
films. d) AFM topography image and e) GIWAXS pattern of D18:Y6:Cgy-SAM film. f) Pole figure analysis of the blend films extracted from the lamellar
diffraction (100).

21% loss of absorption from their initial intensities at the peaks
of 590 and 815 nm, respectively, in D18:Y6 film. These peaks at
590 and 815 nm result from D18 and Y6, respectively; these re-
sults suggest that decomposition of Y6 is more severe than that of
D18. In contrast, the D18:Y6:C,-SAM ternary film showed only
small spectral changes of 0% and 3% from their initial values at
590 and 815 nm, respectively. We also carried out the UV stability
test on the PTQ10:Y6 and PM6:Y6 system as displayed in Figure
S13 (Supporting Information). As expected, the absorption spec-
tra of PTQ10:Y6 and PM6:Y6 against UV illumination showed
similar tendency with D18:Y6 system, which is that the Y6 peak
is significantly bleached, whereas the ternary system successfully
suppressed the photoinduced absorption bleaching. From this
improvement of photostability against 1 sun and UV light, we
can expect that the effective passivation of UV driven ZnO pho-
tocatalytic reactions by the C,,-SAM.

3. Conclusion

In summary, we have successfully demonstrated that device per-
formance and photostability can be improved by using a ternary
blend with C,-SAM. The C,-SAM in the ternary system encour-
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ages a more favorable molecular orientation of BH]J from edge-on
to face-on orientation, correlated with an improvement in charge
carrier lifetime and mobility, thereby resulting in the increases in
J and FF for the ternary OPVs. In addition, the vertically phase
separated C¢,-SAM successfully protects the BH]J layer from the
UV light by passivating of the ZnO surface, leading to a signifi-
cant improvement of photostability. By introducing this ternary
strategy to other BH]J blends such as PTQ10:Y6 and PM6:Y6,
we demonstrated the universality of this vertically self-assembled
Cgo-SAM approach. Therefore, these results give a new and sim-
ple approach to increasing both photostability and efficiency in
inverted OPVs.

4. Experimental Section

Materials: D18, PM6, PTQ10, Y6, and C,-SAM were pur-
chased from 1-material.

Solution Preparation: For the ZnO solution, 219.5 mg of
zinc acetate dehydrate precursor was dissolved in 2 mL of 2-
methoxyethanol with 60.4 pL 1-ethanolamine. D18 and Y6 were
dissolved in chloroform. The concentration for donor and accep-
tor combination (1:1.2 ratio by weight) were 8.8 mg mL™!. The
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Figure 4. a) Normalized power conversion efficiency (PCE), b) V., c) J,, and d) fill factor (FF) plotted against exposure time under 1 Sun illumination
of D18:Y6 and D18:Y6:Cqy-SAM devices in N, condition. Absorption spectra of the €) D18:Y6 and f) D18:Y6:Cgy-SAM films measured against exposure

time under 365 nm UV light in N, condition.

photoactive solution was stirred for atleast 6 h at 40 °C and cooled
down before use. For the C,-SAM solution, 5, 10, 20, and 50 mg
of C¢,-SAM were dissolved in 1 mL of IPA for 0.5, 1, 2, and 5
wt% solutions, respectively. The C-SAM solution was stirred
overnight at 25 °C and then added to BH]J solution with 0.5 vol%
ratio to make the BHJ:C,-SAM solutions.

Device Fabrication: The printed OSCs were fabricated
with an inverted structure (Glass/ITO/ZnO/photoactive
layer/MoO,/Ag). Before device fabrication, glass substrates
with patterned ITO were treated sequentially in deionized-water
for 10 min, acetone for 20 min, and isopropyl alcohol for
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10 min by ultrasonicator, followed by UV-ozone treatment for
30 min. ZnO film was deposited on the substrate by spin-coating
at 4000 rpm for 30s. The film was annealed at 180 °C for
20 min in air to form a 30 nm thick ZnO film. The D18:Y6 and
D18:Y6:C(,-SAM photoactive layers were coated on the ZnO film
by spin-coating process. MoO, (10 nm) and Ag (100 nm) layers
were deposited by evaporation through a shadow mask yielding
active areas of 0.045 cm? in each device.

Characterization: |-V Characterization and IPCE: The J-V
characteristics of OSCs were measured using an Iviumsoft ap-
paratus with simulated AM 1.5 illumination (100 mW cm=2)
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via a solar simulator (Abet Technologies Sun 3000) under nor-
mal atmospheric conditions. The IPCE spectra were obtained us-
ing a solar cell spectral response/QE/IPCE measurement system
(Quant X-300, Newport Corp.) calibrated with an 603 621 refer-
ence detector (Newport Corp.). The chopping frequency of IPCE
measurement was 100 Hz. The cal. . from EQE spectra was
<6% mismatch with those measured by J-V measurements.

AFM and GIWAXS Measurement: AFM images of photoactive
layers were obtained using XE-100, Park systems, Inc. GIWAXS
measurement were conducted at the 3C-WAXSI beamline in the
Pohang Accelerator Laboratory (PAL) using a monochromatized
X-ray radiation source of 10.55 eV (4 =1.170 A) and a 2D charge-
coupled device (CCD) detector (model Rayonix 2D SX 165, Ray-
onix, Evanston, IL, USA). The samples were mounted on a z-axis
goniometer equipped with a low vacuum chamber (=103 Torr).

Absorption and PL: UV-Visible spectra of the thin films were
acquired with a PerkinElmer Lambda 750 spectrometer in air.
The PL spectra were measured with a Fluorolog-3 spectroflu-
orometer (Horiba Jobin Yvon). The excitation wavelength was
780 nm.

ToF-SIMS Measurement: The ToF-SIMS experiments were
conducted using TOF-SIMS M6 (IONTOF GmbH) instrument
equipped with a Ar+ sputter source with a 30 keV energy and
0.935 nA current. The typical sputter area was 15 by 15 mm and
height ~0.3 mm.

Charge Extraction and Transient Photovoltage (CE/TPV): CE on
solar cells was performed at open circuit condition under differ-
ent light intensity upto 10 Sun provided by12 white LEDs con-
nected to a remote-controlled power supply. These LEDs turn
on time is 100 ms to allow DUT to achieve steady state condi-
tion with switch off time is 100 ns. CE transient was recorded
over 50 Q resistance on TDS 3032 Tektronix digital oscilloscope
connected to the computer via NI-PCI-6251 DAQ card. Simul-
taneously the current transient was integrated with respect to
time to estimate carrier density. Carrier density under short cir-
cuit and open-circuit condition depends on anode connection
during measurement. TPV transient was recorded at open cir-
cuit condition under the equivalent illumination intensity to the
CE measurement and fitted with a single exponential function
to obtain a carrier lifetime. Reliability of fitting for TPV and CE
measurement was confirmed by reconstructing V. (Figure S14,
Supporting Information). Open circuit condition was confirmed
by selecting 1 MQ input impedance of oscilloscope. An Nd:YAG
pulsed laser at 532 nm (Continuum Minilite II) with a pulse
width of smaller than 10 nm and 5 Hz repletion rate was used
to generate small perturbations in the device. The measurement
of short-circuit current and carrier density (n,)under short cir-
cuit condition under different illumination intensity allows the
calculation of drift mobility. Therefore, effective mobility u* can
be calculated with correction factor f(5) as follows.

int

where d is thickness of active layer, ¢ is electronic charge, and
V.; is built in voltage.
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