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Abstract: In this study, we prepared three benzo[ghi]perylenetriimide (BPTI) conjugated molecules
as electron-transporting surface-modifying layers for polymer solar cells (PSCs). These three BPTI
derivatives differed in the nature of their terminal functionalities, featuring butylamine (C3NHy),
propylammonium iodide (C3NH;3I), and butyldimethylamine (C3DMA) units, respectively. We
evaluated the optoelectronic properties of PTB7-Th: PC7; BM blends modified with these interfacial
layers, as well as the performance of resulting PSCs. We used UV-Vis spectroscopy, atomic force
microscopy, surface energy analysis, ultraviolet photoelectron spectroscopy, and photoelectric flow
measurements to examine the phenomena behind the changes in the optoelectronic behavior of these
blend films. The presence of a BPTI derivative changed the energy band alignment at the ZnO-
active layer interface, leading to the ZnO film behaving more efficiently as an electron-extraction
electrode. Modifying the ZnO surface with the BPTI-C3NH;I derivative resulted in a best power
conversion efficiency (PCE) of 10.2 & 0.53% for the PTB7-Th:PCy1BM PSC (cf. PCE of the control
device of 9.1 4+ 0.13%). In addition, modification of a PM6:Y6:PCBM PSC with the BPTI-C3NH;31
derivative increased its PCE from 15.6 & 0.25% to 16.5 & 0.18%. Thus, BPTI derivatives appear to
have potential as IFLs when developing high-performance PSCs, and might also be applicable in
other optoelectronic devices.

Keywords: benzo[ghi]perylenetriimide; interface modification layer; polymer solar cells; green
energy

1. Introduction

Because of their high flexibility, high stretchability, excellent mechanical properties,
light weight, low cost, and amenability to large-area roll-to-roll fast solution manufacturing,
polymer solar cells (PSCs) have attracted a great deal of attention in the past decade [1-4].
Because PSCs can be constructed on flexible and stretchable substrates, they can be inte-
grated with curved subjects for the preparation of wearable electronics. The rapid progress
of PSCs has relied mostly on the development of suitable conjugated polymers and small
molecules [5-8]. Controlling the nano-phase segregation of their bulk-heterojunction (BHJ)
morphologies and the molecular packing of their blend films has also led to optimization
of the power conversion efficiencies (PCEs) of PSCs to greater than 19% [9-16]. Typically,
a PSC is constructed with layers of an electrode, an electron transporting layer (ETL),
an active layer, a hole transporting layer (HTL), and an electrode. Simply embedding
an additional layer between the interfaces of the active layer can alter the morphology
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of the blend film and the efficiency of its carriers’” extraction, thereby further improv-
ing the performance of such PSCs [17-24]. Poly [4,8-bis(5-(2-ethylhexyl)thien-2-yl)benzo
[1,2-b;4,5-V']dithiophene-2,6-diyl-alt—(4-(2-ethylhexyl)-3-fluorothieno [3,4-b]thiophene)-2-
carboxylate-2-6-diyl] (PTB7-Th or PCE10) and [6,6]-phenyl-Cy7;-butyric acid methyl ester
(PC71BM) are currently the most highly developed materials used as PSC active layers.
Incorporating an interface modification layer (IFL) to improve the carrier extraction ef-
ficiency in PSCs is a method that is readily applicable to most systems and suitable for
fast-manufacturing processing. An excess or unbalanced amount of holes or electrons accu-
mulating in the active layer will significantly affect the short-circuit current density (Jsc)
and fill factor (FF) of the corresponding device. To enhance the extraction of such carriers,
embedding an IFL can help to decrease the degree of interfacial charge recombination, as
well as the interfacial resistance, surface roughness, and number of surface defects. Previ-
ous studies have revealed great success when employing perylene-3,4,9,10-tetracarboxylic
acid diimides (PDIs) and their derivatives in PSC applications [25-28]. These materials
have strong electron-accepting properties and facilitate efficient charge transport. The
use of benzo[ghi]perylenetriimide (BPTI) as the IFL of a perovskite solar cell attracted our
attention for its similar application in PSCs [28].

Accordingly, in this study, we prepared BPTI derivatives presenting various functional
groups—butyldimethylamine (C3DMA), butylamine (C3NH;), and propylammonium
iodide (C3sNHj3I)—and tested them as IFLs within PSCs (Figure 1). We embedded these BPTI
derivatives between the ZnO layer and the active layer. We found that the BPTI derivatives
modified the surface properties of the ETL (i.e., ZnO) and altered the growth of the active
layer. The N atoms of the BPTI derivatives formed hydrogen bonds with the materials in the
active layer, thereby facilitating electron transport and inhibiting carrier recombination at
the interface. The I” ion of the C3NH;3I unit appeared to have the effect of eliminating charge
accumulation (i.e., hole blocking) and promoting the PSC performance. The presence of the
C3DMA units decreased the hydrophilicity of the ZnO layer, thereby altering the surface
energy of the substrate and changing the blend morphology. We studied the effects of
these IFLs on the morphologies and optoelectronic properties of PTB7-Th/PCy;BM and
PM6:Y6:PC71BM active layers, as well as the performance of PSCs incorporating them.
We observed an enhancement in performance for the PSC containing embedded BPTI-
C3NH;lI. The best PSC performance of the BPTI-C3NHjI-modified PM6:Y6:PCBM featured
a PCE of 16.5 £ 0.18%; in comparison, the corresponding control device provided a PCE of
15.6 &= 0.25%. Our results suggest that judicious selection of the IFL can be used to optimize
the optoelectronic properties of PSCs, providing a potential pathway for further increases
in performance.

(0)

Figure 1. Chemical structures of the materials tested as interfacial layers. (a) BPTI-C3sNHj; (b) BPTI-
C5NH;; (c) BPTI-C3DMA.
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2. Results and Discussion

We synthesized the three BPTI derivatives according to previously reported proce-
dures [29]. Details of the synthesis and characterization of the BPTI derivatives are available
in the Supporting Information. Figures S1 and S2 present the 'H and '*C NMR spectra
of the BPTI derivatives, supporting their successful synthesis. Figure S3 displays the
MALDI-TOF mass spectra of BPTI-C3NH, and BPTI-C3DMA, confirming their purity.
Figure 2 provides the UV-Vis absorption spectra of the BPTI derivatives and the UV-Vis
transmittance spectra of indium tin oxide (ITO)/ZnO/BPTI substrates. Figure S4 pro-
vides the UV-Vis absorption spectra of the BPTI derivatives as solutions in CHCl3 and
in the form of glass/BPTI substrates. As indicated in Figure 2a, the absorptions of the
BPTI films were located mainly in the UV region and at wavelengths between 400 and
520 nm. The absorptions of the solid films were slightly red shifted when compared with
those in solution status (Figure S4a). The absorptions of the thin films were similar on
the different substrates, suggesting that the nature of the substrate had only a minimal
effect. The absorption spectra of these three BPTI derivatives were similar, and consistent
with that of the parent BPTIL. Changing the end functionality affected the solubility of the
BPTI derivatives and led to changes in their absorption intensities. Next, we deposited the
ZnO layer onto the ITO substrate through sol-gel processing of a solution of Zn(OAc), in
2-methoxyethanol. The resulting ZnO film (thickness: ca. 40 nm) was annealed at 170 °C
for 20 min in air prior to deposition of layers of the BPTI derivatives. Solutions of the BPTI
derivatives were prepared in CHCIl; (CF) at the optimized concentration (0.5 mg mL~1)
These solutions were deposited on top of the ZnO layers through spin-coating (2000 rpm)
in air and then solvent-annealed with CF to induce alignment through self-assembly. The
resulting samples were dried (100 °C, 5 min) in a glove box prior to the deposition of the
active layer. Figure 2b presents the transmittance (T%) of these samples. The embedding of
the BPTI derivatives decreased the values of T% of samples slightly at wavelengths in the
region from 400 to 520 nm, which was consistent with absorption of the BPTI derivatives.
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Figure 2. (a) UV-Vis absorption spectra of the BPTI films and (b) UV-Vis transmittance spectra of
the ITO/ZnO/BPTI samples.

We used atomic force microscopy (AFM) and contact angle measurements to study
the surficial properties of the ITO/ZnO samples in the absence and presence of the BPTI
derivatives. Figure S5 displays their tapping-mode AFM images. The root mean square
(RMS) surface roughnesses of the unmodified ZnO film and those modified with BPTI-
C3NH;, BPTI-C3NH3l, and BPTI-C3sDMA were 14.4, 11.2, 9.4, and 11.3 nm, respectively.
Thus, the BPTI-modified ZnO films had the smoother surfaces. A smooth interface between
an active layer and an ETL can be beneficial to electron extraction; previous reports have
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revealed that the hydrophobicity or hydrophilicity of a substrate can greatly affect the
blend morphology and device performance [30-32]. We performed the contact angle
measurements using distilled HyO and diiodomethane (CH;I,, DIM) as probe liquids.
We employed the Wu model to calculate the surface energies (ota1) Of the ZnO surfaces
and, thereby, investigate the effects of the BPTI derivatives. The value of 4, is equal
to the sum of the dispersive (7Ygispersive) and polar (7polar) components, which we could
determine [33]. Table 1 reveals that the water contact angles (Bwater) of the ZnO, ZnO/BPTI-
C3NHy, ZnO/BPTI-C3NH;3l, and ZnO/BPTI-C3DMA samples were 40.45, 54.65, 60.60, and
46.76°, respectively. Thus, the values of Oyyater increased after modifying the ZnO film with
the BPTI derivative, implying an increase in the hydrophobicity of the respective surface.
The values Opp of the ZnO, ZnO/BPTI-C3NH,, ZnO/BPTI-C3NHj3l, and ZnO/BPTI-
C3DMA samples were 26.91, 24.67, 26.95, and 20.74°, respectively. Thus, the presence of
BPTI-C3DMA significantly increased the lipophilicity of the substrate, due to the presence
of the DMA structure on the side chain. The surface energies (7yita1) of the ZnO, ZnO/BPTI-
C3NHy, ZnO/BPTI-C3NH;l, and ZnO/BPTI-C3DMA samples were 71.77, 65.48, 61.93, and
70.32 mN m~!, respectively. To double-check the data, we used the Owens-Wendt-Rabel-
Kaelble (OWRK) model to calculate the surface energies of the various samples. Table 1
reveals that the results were similar, with the same trends in the changes in the surface
energies of the respective samples. The orientation of a small molecule-based IFL can
be adjusted through solvent vapor annealing (SA), with the optimized surface properties
of the IFL directly affecting the performance of corresponding devices [34]. Because of
the similar chemical structures of the three IFLs, we evaluated the effect only of MeOH
(polar protic solvent) on BPTI-C3NH;l, which has high polarity due to its ammonium
iodide functionality. Table S1 presents the contact angles and surface energies of the IFLs
prepared with and without SA. We observed a higher value of Oyater and a lower value of
fpmv for the sample after SA with CF, suggesting that the ammonium iodide groups were
embedded at the bottom of the film. After treatment with MeOH, the sample had a lower
value of Byater with a higher value of 8pp, implying that the ammonium iodide units were
distributed mainly on the surface of the IFL. These variations in surface orientation led to
different surface energies for the CF- and MeOH-treated samples (60.73 and 62.91 mN m~!,
respectively). These changes in the contact angles and surface energies would affect the
wetting properties of solutions of the active layers. The miscibility of donor and acceptor
moieties, a characteristic that can be evaluated from the surface energy, is a major factor that
can affect the blend morphology [35-37]. Previous reports have indicated that the surface
energy of a substrate can alter the phase separation morphology of the active layer [33],
with the driving force possibly being a large difference in surface energy (or miscibility)
between the two components [38]. Thus, we examined the effect of changes in the surface
energies of the substrates upon the variations in their blend film morphologies.

Table 1. Contact angles and surface energies of the samples.

Owater ) Opim (°) (m’}ll\}’(;ﬁh) g;lﬁlprelrfivﬁ (m'l)&o;tl)
ZnO? 40.45 26.91 26.19 45.58 71.77
ZnO/BPTI-C3NH, 2 54.65 24.67 19.11 46.37 65.48
ZnO/BPTI-C3NH;] @ 60.60 26.95 16.36 4557 61.93
ZnO/BPTI-C3DMA @ 46.76 20.74 22.71 47.61 70.32
ZnOb - - 20.87 45.45 66.32
ZnO/BPTI-C3NH, P - - 12.95 46.27 59.22
ZnO/BPTI-C3NH;I P - - 10.19 45.43 55.62
ZnO/BPTI-C3DMA b - - 16.65 47.56 64.21

2 Calculated using the Wu model. ® Calculated using the OWRK model.

We employed devices with the structure ITO/ZnO/IFL/PTB7-Th:PC71BM/MoOs3/Ag
[Figure 3a] to obtain [-V curves, using an AM 1.5G solar simulator (Peccll PEC-L11, Yoko-
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Current Density (mA cm'z)

hama, Japan) operated at an illuminating power of 100 mW cm 2. Figure 3b and Table 2
summarize the performance data. The control ZnO PSC provided a PCE of 9.1 & 0.13%,
comparable with those of PTB7-Th devices reported previously in the literature. First, we
determined the performance of the BPTI-containing devices that had not been subjected
to post-solvent treatment. The PCEs of these devices increased slightly relative to that
of the control device. After CF-treatment, the PCEs of the devices incorporating BPTI-
C3NH,, BPTI-C3NHj3l, and BPTI-C3DMA all increased significantly, reaching 9.6 & 0.31%,
9.9 £ 0.11%, and 9.3 £ 0.26%, respectively. The improved performance of these devices,
relative to the control PSC, was due to significant increases in their FFs. Because of the
polarity of the ammonium iodide unit of BPTI-C3NHj3l, we also treated its sample with
methanol (MeOH)), a solvent of higher polarity, leading to a further improvement in perfor-
mance, with the best BPTI-C3NHjzl-containing PSC device providing a PCE of 10.2 & 0.53%.
The improvements in the values of Jsc and FF confirmed that these IFLs had the effect
of passivating ZnO defects [39,40]. Figure 3c displays the external quantum efficiency
(EQE) spectra of the PSCs incorporating ZnO and BPTI-C3NHzI-modified ZnO; the pho-
toresponses were consistent with those of the PTB7-Th-based PSCs. From the EQE spectra
and the solar flux, we calculated the values of EQE-Jsc of the PSCs incorporating ZnO and
the BPTI-C3NH;3I-modified ZnO to be 15.2 and 15.6 mA cm 2, respectively. The mismatch
arose from various factors, including the measurement conditions at the solar simulator not
being the same as those during the EQE measurements [41]. We performed time-resolved
photoluminescence (TRPL) measurements to calculate the effective carrier lifetimes in
the blend films and, thereby, determine the phenomena governing their performance.
Figure S6 displays the TRPL spectra; Table S2 summarizes the respective parameters. The
values of Tayg of the blend films on the unmodified and BPTI-C3NH;-, BPTI-C3NH3I-, and
BPTI-C3sDMA-modified ZnO were 1.202, 1.743, 1.997, and 1.648 ns, respectively. Thus, the
carrier lifetimes in the blends increased in the presence of the BPTI derivatives. This finding
confirmed that carrier transport was improved when incorporating these IF layers.
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Figure 3. (a) Structure, (b) -V curves, and (c¢) EQE spectra of the PSC devices.
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Table 2. -V properties of the PSC devices.

Sample Solvent Annealing Jsc > Voc ljF POCE PC(]:ZBest
(SA) (mA cm™) V) (%) (%) (%)
Active layer:/PTB7-Th:PC71BM
Without IFL — 0.82 +0.01 17.3 £ 0.39 63.7 £2.0 9.1+0.13 9.3
BPTI—C3NH, Without 0.82 +0.01 16.81 £ 0.31 67.1 +1.20 9.3+0.13 9.4
CF 0.82 + 0.01 17.1 £ 0.31 67.9 +3.47 9.6 £0.31 9.9
Without 0.81 +0.01 16.7 £ 0.18 68.4 +2.42 9.3 +048 9.4
BPTI-CsNHs1 CF 0.82 +0.01 17.1 £0.31 70.5 +£1.20 9.9 +0.11 10.0
MeOH 0.82 £0.01 175+ 0.84 70.6 £ 0.75 10.2 +0.53 10.8
BPTI—C3DMA Without 0.81 + 0.01 16.61 £ 0.31 68.1 +1.20 91+0.11 9.2
CF 0.81 +0.01 17.2 £ 047 67.4 + 0.66 9.3+ 0.26 9.6
Active layer: PM6:Y6:PCy; BM
Without IFL — 0.88 + 0.01 249 +0.39 71.8 £ 1.9 15.6 +0.25 15.8
BPTI-C3NH;3I MeOH 0.88 + 0.01 25.6 £0.70 733+ 1.7 16.5 £ 0.18 16.8

To understand why embedding the BPTI derivatives significantly improved the FFs of
the devices, we employed ultraviolet photoelectron spectroscopy (UPS) to study whether
or not these IFs changed the work function (WF) of the ETL. We suspected that the various
functional groups (C3sNHj;, C3NH3l, and C3DMA) of the BPTI derivatives might have
induced interfacial dipoles that could alter the WFs of the electrodes, thereby facilitating
energy level alignment and leading to efficient carrier extraction [42—45]. We calculated
the WFs of the ITO/ZnO, ITO/ZnO/CF_BPTI-CsNH;, ITO/ZnO/MeOH_BPTI-CsNH;3]I,
and ITO/ZnO/CF_BPTI-C3DMA samples from the cutoff and valence band regions of
the UPS spectra in Figure 4a. A change in surface status would affect the energy level
alignment at the interface between the ETLs and the active layer. Here, we believed that
the N and O atoms in BPTI-C3NH,, BPTI-C3NHj3l, and BPTI-C3DMA would serve as
hydrogen bond donors that could interact with the ZnO film to change its WF by forming
net dipoles (from the molecular and surface dipoles) at the interface (Figure 4b) [46]. As
listed in Table 3 The true WF of ITO/ZnO was —3.54 eV (consistent with the value reported
in the literature); after embedding the BPTI-CsNH,, BPTI-C3NH;3l, and BPTI-C3DMA
interlayers, it decreased by 0.04, 0.05, and 0.01 eV, respectively, to give WFs of —3.50, —3.49,
and —3.53 eV, respectively [47]. Thus, the WF of the ITO/ZnO substrate increased after
embedding each of the BPTI-based IF layers [45]. Our findings suggest that the surface
status (surface energy, morphology, WF) of the substrate altered the local BH] morphology
and changed the degree of electron extraction in the cathode. Because this morphology
prevented unfavorable charge recombination at the interface with the ETL, the FFs and PCEs
of the respective devices improved. Determining the possible effects of embedding IF layers
(from variations in electronics properties to variations in morphologies) can be challenging;
our approach will hopefully act as an example that will allow better understanding of the
roles of interfaces within PSC devices.
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Figure 4. (a) UPS spectra of ZnO films prepared with and without IFLs and (b) energy levels of
the materials.

Table 3. WFs of ZnO films prepared with and without IFLs, determined using UPS.

Ecut oft (€V) Dy, (eV) WF (eV) HOMO (eV)
ZnO 17.68 3.66 3.54 7.20
ZnO/BPTI-C3NH, 17.72 3.71 3.50 7.21
ZnO/BPTI-C3NH;1 17.73 3.75 3.49 7.24
ZnO/BPTI-C3DMA 17.69 3.64 3.53 7.17

To verify the effect of the interface layer on the ZnO film, we performed photoelectric
flow measurements through a metal-semiconductor-metal (MSM) structure to determine
the dipole direction and degree of charge accumulation. We used the device structure
ITO/ZnO/IFL (CF_BPTI-C3NH,, MeOH_BPTI-C3NH3;I, or CF_BPTI-C3DMA)/PC7BM/
MoO3/Ag (here we applied PC7BM as the active layer, instead of PTB7-Th:PC7BM
(Figure 5a)) to measure the photocurrent under an AM1.5 light source and check any de-
viation of the values of V¢ to determine whether changes occurred to their dipoles [48].
When we applied a negative bias to the device, the incoming electrons led to an accumula-
tion of charge; when we applied a positive bias voltage, the internal electric fields would
cancel each other, such that the value of Voc would not be 0 V. Here we used the acceptor
PCy;BM as the active layer to observe the modifications of the ETL. If a dipole modification
layer were present, more electrons would accumulate at the interface in this device state,
with more positive bias being required to balance the internal electric field. The stronger
the modification, the greater the deviation in the value of Voc. Therefore, by observing
the changes in the values of V¢, we could judge whether the added IFL induced dipole
modification [49]. Figure 5b reveals that the values of V¢ of the IFL-containing devices
based on BPTI derivatives underwent significant deviations. Among them, the presence
of BPTI-C3NH;I that had undergone SA with MeOH led to the largest deviation in the
value of Voc; consistent with this finding, its PCE was also the best. In addition, we used



Polymers 2022, 14, 4466 8of 11

transient photocurrent (TPC) measurements to investigate the charge extraction processes
in devices prepared with and without an IFL (Figure S7) [14]. The charge extraction times
of the control and BPTI-C3NHjI-modified devices were 0.671 and 0.651 ps, respectively,
suggesting that the charge extraction efficiency of the device was promoted in the presence
of BPTI-C3NH;3l, resulting in a higher FF.
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Figure 5. (a) MSM structure and (b) photoelectric flow curves of the devices.

To test whether these BPTI derivatives could also improve the performance of other
devices, we applied the BPTI-C3NH;I derivative in PM6:Y6:PC71BM ternary PSCs. Figure 6
and Table 2 present the results. The values of Voc, Jsc, FF, and PCE of the device prepared
without this IFL were 0.88 + 0.01 V, 24.9 + 0.39 mA cm ™2, 71.8 4 1.9%, and 15.6 & 0.25%,
respectively. When the BPTI-C3NHj3l interface layer was present in the PM6:Y6:PC7 BM
ternary system, these values were 0.88 &+ 0.01 V, 25.6 &+ 0.70 mA cm~2,73.3 + 1.7%, and
16.5 & 0.18%, respectively. Figure 6b presents the EQE spectra; the values of EQE—/sc of the
PSCs incorporating ZnO and the BPTI-C3NH;zI-modified ZnO were 21.5 and 22.0 mA cm ™2,
respectively. Thus, this IFL could also improve the efficiency of a non-fullerene-based PSC.
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Figure 6. (a) ]-V curves and (b) EQE spectra of PM6:Y6:PCBM—based PSCs.
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3. Conclusions

We have applied materials presenting various functionalities—namely, BPTI-C3NH,,
BPTI-C3NH;3l, and BPTI-C3DMA—as IFLs in PSCs. The values of Jgc and FF of the devices
were effectively modified after SA of their IFLs, thereby improving their PCEs. The average
values of Jsc, Voc, FF, and PCE for the PSC incorporating the MeOH_BPTI-C3NH;3I-
modified ZnO and PTB7-Th:PCBM active layer were 17.5 + 0.84 mA cm~2,0.82 £ 0.01V,
70.6 £ 0.75%, and 10.2 £ 0.53%, respectively (cf. a best PCE for the control device of
9.1 & 0.13%). This enhancement in performance resulted from improvements in the surface
energy, energy level alignment, and carrier lifetimes. For PM6:Y6:PCBM-based ternary
PSCs, the presence of the BPTI derivatives also resulted in efficient modification, with PCEs
as high as 16.5 &= 0.18%, suggesting a universal effect for such BPTI derivatives as IFLs in
PSC applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /polym14204466/s1, Figure S1: (top) 'H and (bottom) 3C NMR
spectra of BPTI-C3NH, in CDCl3; Figure S2: (top) 'H and (bottom) 13C NMR spectra of BPTI-C3DMA
in CDCls; Figure S3: MALDI-TOF mass spectra of (top) BPTI-C3NH; and (bottom) BPTI-C3DMA;
Figure S4: UV-Vis absorption spectra of the BPTI derivatives (a) as solutions in CHCl3 and (b)
in the form of glass/BPTI substrates; Figure S5: Tapping-mode AFM images of the (a) ZnO, (b)
ZnO/BPTI-C3NH;, (c) ZnO/BPTI-C3NH3I, and (d) ZnO/BPTI-C3DMA samples (5 pm x 5 pm);
Figure S6: TRPL spectra of blend films prepared with and without IFLs; Figure S7: Normalized
TPC data for the control and BPTI-C3NHjI-modified devices; Table S1: Contact angles and surface
energies of SA-treated IFLs; Table S2: Carrier lifetime parameters of the blend films.

Author Contributions: Conceptualization, Y.-Y.Y. and C.-P.C.; validation, Y.-Y.Y.,, C.-P.C., H.-C.C,,
K.-YS., Y-CP, B.-H]J. and C.-LL.; formal analysis, Y.-Y.Y.,, C.-P.C., K.-Y.S,, Y.-C.P, B-H.J. and C.-L.L.;
investigation, Y.-Y.Y., C.-P.C., H-C.C, K.-Y.S,, Y.-C.P. and C.-LL.; resources, Y.-Y.Y., C.-P.C., M.-W.H.
and C.-C.K; data curation, Y.-Y.Y., C.-P.C., H-C.C, K.-Y.S,, Y.-C.P. and C.-LL.; writing—original draft,
Y-YY, C-PC,K.-YS, Y-C.P. and B.-H.J.; writing—review & editing, Y.-Y.Y. and C.-P.C.; supervision,
Y.-Y.Y. and C.-P.C.; project administration, Y.-Y.Y. and C.-P.C.; funding acquisition, Y.-Y.Y., C.-P.C.,
M.-W.H. and C.-C.K. All authors have read and agreed to the published version of the manuscript.

Funding: This research was founded by Ministry of Science and Technology, Taiwan (grant number
MOST 111-2221-E-131-021-MY3).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The raw data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

Yu, Y.Y,; Chen, C.H.; Chueh, C.C.; Chiang, C.Y.; Hsieh, ].H.; Chen, C.P.; Chen, W.C. Intrinsically stretchable nanostructured
silver electrodes for realizing efficient strain sensors and stretchable organic photovoltaics. ACS Appl. Mater. Interfaces 2017, 9,
27853-27862. [CrossRef] [PubMed]

Lee, C.-Y,; Tsao, C.-S,; Lin, H.-K,; Cha, H.-C.; Chung, T.-Y.; Sung, Y.-M.; Huang, Y.-C. Encapsulation improvement and stability of
ambient roll-to-roll slot-die-coated organic photovoltaic modules. Sol. Energy 2021, 213, 136-144. [CrossRef]

Huang, Y.-C.; Cha, H.-C.; Chen, C.-Y,; Tsao, C.-S. A universal roll-to-roll slot-die coating approach towards high-efficiency organic
photovoltaics. Prog. Photovolt. Res. Appl. 2017, 25, 928-935. [CrossRef]

Sun, R.; Wang, W.; Yu, H.; Chen, Z.; Xia, X.; Shen, H.; Guo, J.; Shi, M.; Zheng, Y.; Wu, Y,; et al. Achieving over 17% efficiency of
ternary all-polymer solar cells with two well-compatible polymer acceptors. Joule 2021, 5, 1548-1565. [CrossRef]

Cheng, P; Yang, Y. Narrowing the band gap: The key to high-performance organic photovoltaics. Acc. Chem. Res. 2020, 53,
1218-1228. [CrossRef]

Teshima, Y.; Saito, M.; Mikie, T.; Komeyama, K.; Yoshida, H.; Osaka, I. Dithiazolylthienothiophene bisimide-based m-conjugated
polymers: Improved synthesis and application to organic photovoltaics as p-type semiconductor. Bull. Chem. Soc. Jpn. 2020, 93,
561-567. [CrossRef]


https://www.mdpi.com/article/10.3390/polym14204466/s1
https://www.mdpi.com/article/10.3390/polym14204466/s1
http://doi.org/10.1021/acsami.7b06963
http://www.ncbi.nlm.nih.gov/pubmed/28762269
http://doi.org/10.1016/j.solener.2020.11.021
http://doi.org/10.1002/pip.2907
http://doi.org/10.1016/j.joule.2021.04.007
http://doi.org/10.1021/acs.accounts.0c00157
http://doi.org/10.1246/bcsj.20200016

Polymers 2022, 14, 4466 10 of 11

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

Fujimoto, K.; Izawa, S.; Arikai, Y.; Sugimoto, S.; Oue, H.; Inuzuka, T.; Uemura, N.; Sakamoto, M.; Hiramoto, M.; Takahashi, M.
Regioselective bay-functionalization of perylenes toward tailor-made synthesis of acceptor materials for organic photovoltaics.
Chempluschem 2020, 85, 285-293. [CrossRef]

Bi, P; Zhang, S.; Chen, Z.; Xu, Y.; Cui, Y,; Zhang, T,; Ren, J.; Qin, J.; Hong, L.; Hao, X; et al. Reduced non-radiative charge
recombination enables organic photovoltaic cell approaching 19% efficiency. Joule 2021, 5, 2408-2419. [CrossRef]

Jiang, B.H.; Wang, Y.P; Liao, C.Y.; Chang, YM.; Su, YW.; Jeng, R.J.; Chen, C.P. Improved blend film morphology and free carrier
generation provide a high-performance ternary polymer solar cell. ACS Appl. Mater. Interfaces 2021, 13, 1076-1085. [CrossRef]
Jiang, B.-H.; Peng, Y.-J.; Su, Y.-W.; Chang, J.-F; Chueh, C.-C.; Shieh, T.-S.; Huang, C.-I.; Chen, C.-P. A polymer donor with
versatility for fabricating high-performance ternary organic photovoltaics. Chem. Eng. J. 2022, 431, 133950. [CrossRef]

Zhan, L,; Li, S.; Li, Y;; Sun, R.;; Min, J.; Chen, Y.; Fang, J.; Ma, C.-Q.; Zhou, G.; Zhu, H.; et al. Manipulating charge transfer and
transport via intermediary electron acceptor channels enables 19.3% efficiency organic photovoltaics. Adv. Energy Mater. 2022, 12,
2201076. [CrossRef]

Wei, Y.; Chen, Z; Lu, G.; Yu, N,; Li, C.; Gao, J.; Gu, X.; Hao, X.; Lu, G.; Tang, Z.; et al. Binary organic solar cells breaking 19% via
manipulating the vertical component distribution. Adv. Mater. 2022, 34, 2204718. [CrossRef] [PubMed]

Wang, ].; Zhang, M.; Lin, J.; Zheng, Z.; Zhu, L.; Bi, P; Liang, H.; Guo, X.; Wu, ].; Wang, Y.; et al. An asymmetric wide-bandgap
acceptor simultaneously enabling highly efficient single-junction and tandem organic solar cells. Energy Environ. Sci. 2022, 15,
1585-1593. [CrossRef]

Sun, R.;; Wu, Y,; Yang, X.; Gao, Y.; Chen, Z.; Li, K;; Qiao, J.; Wang, T.; Guo, J.; Liu, C.; et al. Single-junction organic solar cells with
19.17% efficiency enabled by introducing one asymmetric guest acceptor. Adv. Mater. 2022, 34, 2110147. [CrossRef]

He, C.; Pan, Y,; Ouyang, Y.; Shen, Q.; Gao, Y.; Yan, K,; Fang, J.; Chen, Y.; Ma, C.-Q.; Min, ].; et al. Manipulating the D:A interfacial
energetics and intermolecular packing for 19.2% efficiency organic photovoltaics. Energy Environ. Sci. 2022, 15, 2537-2544.
[CrossRef]

Gao, W,; Qi, E; Peng, Z; Lin, ER.; Jiang, K.; Zhong, C.; Kaminsky, W.; Guan, Z.; Lee, C.-S.; Marks, T.].; et al. Achieving 19% power
conversion efficiency in planar-mixed heterojunction organic solar cells using a pseudosymmetric electron acceptor. Adv. Mater.
2022, 34, 2202089. [CrossRef]

Su, L.-Y;; Huang, H.-H.; Lin, Y.-C.; Chen, G.-L.; Chen, W.-C.; Chen, W.; Wang, L.; Chueh, C.-C. Enhancing long-term thermal
stability of non-fullerene organic solar cells using self-assembly amphiphilic dendritic block copolymer interlayers. Adv. Funct.
Mater. 2021, 31, 2005753. [CrossRef]

Bai, Y.; Zhao, C.; Chen, X.; Zhang, S.; Zhang, S.; Hayat, T.; Alsaedi, A.; Tan, Z.a.; Hou, J.; Li, Y. Interfacial engineering and optical
coupling for multicolored semitransparent inverted organic photovoltaics with a record efficiency of over 12%. . Mater. Chem. A
2019, 7, 15887-15894. [CrossRef]

Yu, Y.-Y,; Tseng, C.; Chien, W.-C.; Chen, C.-P. Interface modification layers for high-performance inverted organic photovoltaics.
Org. Electron. 2019, 69, 20-25. [CrossRef]

Chen, Y.-C; Lin, D.-Z.; Wang, ].-C.; Ni, ].-S.; Yu, Y.-Y.; Chen, C.-P. Facile star-shaped tetraphenylethylene-based molecules with
fused ring-terminated diarylamine as interfacial hole transporting materials for inverted perovskite solar cells. Mater. Chem.
Front. 2021, 5, 1373-1387. [CrossRef]

Lang, K.; Guo, Q.; He, Z.; Bai, Y.; Yao, J.; Wakeel, M.; Alhodaly, M.S.; Hayat, T.; Tan, Z. High performance tandem solar cells
with inorganic perovskite and organic conjugated molecules to realize complementary absorption. J. Phys. Chem. Lett. 2020, 11,
9596-9604. [CrossRef] [PubMed]

Yao, J.; Ding, S.; Zhang, R.; Bai, Y.; Zhou, Q.; Meng, L.; Solano, E.; Steele, J.A.; Roeffaers, M.B.J.; Gao, F.; et al. Fluorinated
perylene-diimides: Cathode interlayers facilitating carrier collection for high-performance organic solar cells. Adv. Mater. 2022,
34, 2203690. [CrossRef] [PubMed]

Wen, X.; Zhang, Y.; Xie, G.; Rausch, R.; Tang, N.; Zheng, N.; Liu, L.; Wiirthner, F; Xie, Z. Phenol-functionalized perylene bisimides
as amine-free electron transporting interlayers for stable nonfullerene organic solar cells. Adv. Funct. Mater. 2022, 32, 2111706.
[CrossRef]

Kang, Q.; Liao, Q.; Yang, C.; Yang, Y.; Xu, B.; Hou, J. A new pedot derivative for efficient organic solar cell with a fill factor of 0.80.
Adv. Energy Mater. 2022, 12, 2103892. [CrossRef]

Chen, Q.; Wang, C.; Li, Y.; Chen, L. Interfacial dipole in organic and perovskite solar cells. . Am. Chem. Soc. 2020, 142, 18281-18292.
[CrossRef]

Park, J.; Yoon, S.E.; Lee, J.; Whang, D.R; Lee, S.Y.; Shin, S.J.; Han, ].M.; Seo, H.; Park, H.].; Kim, J.H.; et al. Unraveling doping
capability of conjugated polymers for strategic manipulation of electric dipole layer toward efficient charge collection in perovskite
solar cells. Adv. Funct. Mater. 2020, 30, 2001560. [CrossRef]

Kozma, E.; Catellani, M. Perylene diimides based materials for organic solar cells. Dye. Pigment. 2013, 98, 160-179. [CrossRef]
Chen, H.-C,; Yu, Y.-Y,; Chien, W.-C.; Peng, Y.-C.; Hsu, H.-L.; Kuo, C.-C.; Yang, C.-C.; Chen, C.-C.; Chen, C.-P. Benzo [ghi]
perylenetriimide derivatives as effective interfacial passivation and electron transporting layers for inverted perovskite solar cells.
Dye. Pigment. 2021, 192, 109385. [CrossRef]

Karuppuswamy, P.; Chen, H.-C.; Wang, P-C.; Hsu, C.-P; Wong, K.-T.; Chu, C.-W. The 3d structure of twisted benzo[ghi]perylene-
triimide dimer as a non-fullerene acceptor for inverted perovskite solar cells. ChemSusChem 2018, 11, 415-423. [CrossRef]


http://doi.org/10.1002/cplu.201900725
http://doi.org/10.1016/j.joule.2021.06.020
http://doi.org/10.1021/acsami.0c19198
http://doi.org/10.1016/j.cej.2021.133950
http://doi.org/10.1002/aenm.202201076
http://doi.org/10.1002/adma.202204718
http://www.ncbi.nlm.nih.gov/pubmed/35747988
http://doi.org/10.1039/D1EE03673D
http://doi.org/10.1002/adma.202110147
http://doi.org/10.1039/D2EE00595F
http://doi.org/10.1002/adma.202202089
http://doi.org/10.1002/adfm.202005753
http://doi.org/10.1039/C9TA05789G
http://doi.org/10.1016/j.orgel.2019.02.009
http://doi.org/10.1039/D0QM00728E
http://doi.org/10.1021/acs.jpclett.0c02794
http://www.ncbi.nlm.nih.gov/pubmed/33119984
http://doi.org/10.1002/adma.202203690
http://www.ncbi.nlm.nih.gov/pubmed/35726683
http://doi.org/10.1002/adfm.202111706
http://doi.org/10.1002/aenm.202103892
http://doi.org/10.1021/jacs.0c07439
http://doi.org/10.1002/adfm.202001560
http://doi.org/10.1016/j.dyepig.2013.01.020
http://doi.org/10.1016/j.dyepig.2021.109385
http://doi.org/10.1002/cssc.201701827

Polymers 2022, 14, 4466 11 of 11

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

41.
42.

43.

44.

45.

46.

47.

48.

49.

Zdziennicka, A.; Szymczyk, K.; Krawczyk, J.; Jariczuk, B. Some remarks on the solid surface tension determination from contact
angle measurements. Appl. Surf. Sci. 2017, 405, 88-101. [CrossRef]

Fowkes, EM. Attractive forces at interfaces. Ind. Eng. Chem. 1964, 56, 40-52. [CrossRef]

Jiang, B.-H.; Chan, P-H.; Su, Y.-W.; Hsu, H.-L.; Jeng, R.-].; Chen, C.-P. Surface properties of buffer layers affect the performance of
pm6:Y6-based organic photovoltaics. Org. Electron. 2020, 87, 105944. [CrossRef]

Bulliard, X.; Ihn, S.-G.; Yun, S.; Kim, Y.; Choi, D.; Choi, J.-Y.; Kim, M.; Sim, M.; Park, ].-H.; Choi, W.; et al. Enhanced performance
in polymer solar cells by surface energy control. Adv. Funct. Mater. 2010, 20, 4381-4387. [CrossRef]

Ito, S.; Akiyama, H.; Sekizawa, R.; Mori, M.; Yoshida, M.; Kihara, H. Light-induced reworkable adhesives based on aba-type
triblock copolymers with azopolymer termini. ACS Appl. Mater. Interfaces 2018, 10, 32649-32658. [CrossRef] [PubMed]
Kranthiraja, K.; Saeki, A. Impact of sequential fluorination of donor and/or acceptor polymers on the efficiency and morphology
of all-polymer solar cells. ACS Appl. Polym. Mater. 2021, 3, 2759-2767. [CrossRef]

Chen, D,; Liu, S,; Liu, J.; Han, J.; Chen, L.; Chen, Y. Regulation of the miscibility of the active layer by random terpolymer
acceptors to realize high-performance all-polymer solar cells. ACS Appl. Polym. Mater. 2021, 3, 1923-1931. [CrossRef]

Du, F; Wang, H.; Zhang, Z.; Yang, L.; Cao, J.; Yu, ].; Tang, W. An unfused-ring acceptor with high side-chain economy enabling
11.17% as-cast organic solar cells. Mater. Horiz. 2021, 8, 1008-1016. [CrossRef] [PubMed]

Jiang, B.H.; Peng, Y.-].; Huang, Y.-C.; Jeng, R.-J.; Shieh, T.-S.; Huang, C.-I1.; Chen, C.-P. Greater miscibility and energy level
alignment of conjugated polymers enhance the optoelectronic properties of ternary blend films in organic photovoltaics. Dye.
Pigment. 2021, 193, 109543. [CrossRef]

Zhang, B.; Thampy, S.; Dunlap-Shohl, W.A.; Xu, W.; Zheng, Y.; Cao, EY.; Cheng, Y.J.; Malko, A.V.; Mitzi, D.B.; Hsu, ] W.P. Mg
doped cucro? as efficient hole transport layers for organic and perovskite solar cells. Nanomaterials 2019, 9, 1311. [CrossRef]
[PubMed]

Jain, N.; Marwaha, N.; Verma, R.; Gupta, B.K,; Srivastava, A K. Facile synthesis of defect-induced highly-luminescent pristine
mgo nanostructures for promising solid-state lighting applications. RSC Adv. 2016, 6, 4960—-4968. [CrossRef]

Saliba, M.; Etgar, L. Current density mismatch in perovskite solar cells. ACS Energy Lett. 2020, 5, 2886-2888. [CrossRef]

Yin, Z.; Wei, J.; Zheng, Q. Interfacial materials for organic solar cells: Recent advances and perspectives. Adv. Sci. 2016, 3, 1500362.
[CrossRef]

Xiao, B.; Wu, H.; Cao, Y. Solution-processed cathode interfacial layer materials for high-efficiency polymer solar cells. Mater.
Today 2015, 18, 385-394. [CrossRef]

Chueh, C.-C,; Li, C.-Z,; Jen, A.K.Y. Recent progress and perspective in solution-processed interfacial materials for efficient and
stable polymer and organometal perovskite solar cells. Energy Environ. Sci. 2015, 8, 1160-1189. [CrossRef]

Zhou, Y.; Fuentes-Hernandez, C.; Shim, J.; Meyer, J.; Giordano, A.J.; Li, H.; Winget, P.; Papadopoulos, T.; Cheun, H.; Kim, J.;
et al. A universal method to produce low-work function electrodes for organic electronics. Science 2012, 336, 327-332. [CrossRef]
[PubMed]

Courtright, B.A.E.; Jenekhe, S.A. Polyethylenimine interfacial layers in inverted organic photovoltaic devices: Effects of ethoxyla-
tion and molecular weight on efficiency and temporal stability. ACS Appl. Mater. Interfaces 2015, 7, 26167-26175. [CrossRef]
Kim, H.H,; Park, S.; Yi, Y,; Son, D.I; Park, C.; Hwang, D.K.; Choi, W.K. Inverted quantum dot light emitting diodes using
polyethylenimine ethoxylated modified zno. Sci. Rep. 2015, 5, 8968. [CrossRef]

Lee, J.-H.; Jeong, S.Y,; Kim, G.; Park, B.; Kim, J.; Kee, S.; Kim, B.; Lee, K. Reinforcing the built-in field for efficient charge collection
in polymer solar cells. Adv. Funct. Mater. 2018, 28, 1705079. [CrossRef]

Rasool, S.; Khan, N.; Jahankhan, M.; Kim, D.H.; Ho, T.T.; Do, L.T.; Song, C.E.; Lee, HK.; Lee, SK,; Lee, ].-C. Amine-based
interfacial engineering in solutionprocessed organic and perovskite solar cells. ACS Appl. Mater. Interfaces 2019, 11, 16785-16794.
[CrossRef]


http://doi.org/10.1016/j.apsusc.2017.01.068
http://doi.org/10.1021/ie50660a008
http://doi.org/10.1016/j.orgel.2020.105944
http://doi.org/10.1002/adfm.201000960
http://doi.org/10.1021/acsami.8b09319
http://www.ncbi.nlm.nih.gov/pubmed/30152226
http://doi.org/10.1021/acsapm.1c00288
http://doi.org/10.1021/acsapm.1c00004
http://doi.org/10.1039/D0MH01585G
http://www.ncbi.nlm.nih.gov/pubmed/34821331
http://doi.org/10.1016/j.dyepig.2021.109543
http://doi.org/10.3390/nano9091311
http://www.ncbi.nlm.nih.gov/pubmed/31540282
http://doi.org/10.1039/C5RA21150F
http://doi.org/10.1021/acsenergylett.0c01642
http://doi.org/10.1002/advs.201500362
http://doi.org/10.1016/j.mattod.2015.02.016
http://doi.org/10.1039/C4EE03824J
http://doi.org/10.1126/science.1218829
http://www.ncbi.nlm.nih.gov/pubmed/22517855
http://doi.org/10.1021/acsami.5b08147
http://doi.org/10.1038/srep08968
http://doi.org/10.1002/adfm.201705079
http://doi.org/10.1021/acsami.9b03298

	Introduction 
	Results and Discussion 
	Conclusions 
	References

