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A B S T R A C T   

A series of conjugated polymer electrolytes (CPEs) based on dimethylamino propyl fluorene (FN), thiophene (T), 
benzothiadiazole (BT), and dithienyl benzothiadiazole (TBT) were synthesized by the Suzuki coupling reaction. 
Quaternarized polyelectrolytes were obtained from the post-polymerization treatment of the amino-terminal 
group. The incorporation of electron-rich (T), electron-deficient moiety (BT), and their combination (TBT) in 
the polymer backbone represent the different effects of polarity. Conjugated backbones are substantially 
strengthened by varying their electron affinity and conjugated planarity. We systematically investigated the 
effect of applying CPEs with different backbones and functionalities in the side chain. Different backbones 
produce different molecular dipoles, and the side chain functionality induces an interfacial dipole. Inverted 
polymer solar cells (iPSCs) based on a bulk heterojunction (BHJ) were fabricated with the ITO/ZnO/CPE/PTB7- 
Th:PC71BM/MoO3/Ag structure. The device performance enhancement was achieved by inserting CPEs as the 
interlayer. Modifying the polymer backbone leads to improved efficiency and modifying the side chain func
tionality improves the performance compared with that of the interlayered neutral polymer.   

1. Introduction 

Polymer solar cells (PSCs) are a promising alternative source of clean 
and renewable energy. In recent decades, PSCs have been extensively 
investigated owing to their mechanical flexibility, low weight, low-cost 
energy sources, large-scale fabrication, and roll-to-roll printing [1-8]. As 
an emerging photovoltaic technology, PSCs based on the combination of 
an electron donor and electron acceptor with a bulk heterojunction 
(BHJ) are advantageous over the conventional device structure [9-12]. 
The idea of BHJ was introduced by Yu et al. [13,14], wherein the 
blending donor (D) and acceptor (A) materials were very close to each 
other, typically less than 10 nm apart. Such distances are within the 
exciton pair mean free-path lengths (the minimum diffusion distance 
before the exciton can be annihilated via recombination) [15,16]. An 
interpenetrating network with a large donor–acceptor interfacial area 
can be achieved by controlling the phase separation between the two 
bulk components, resulting in efficient charge collection [15,17]. 
Therefore, the present PSC studies are focused on enhancing the device 
power conversion efficiency (PCE). Selectively or simultaneously 
enhancing the short-circuit current (JSC), open-circuit voltage (VOC), and 
fill factor (FF) are critical to increasing PCE. The JSC is determined by the 

bandgap, thickness, morphology, and breadth of the absorption band of 
the active layer materials. These parameters influence the charge 
transport to the electrodes [18]. Additionally, the VOC can be increased 
by tuning either the lowest unoccupied molecular orbital (LUMO) or the 
highest occupied molecular orbital (HOMO) energy levels of the ac
ceptors or polymer donors, respectively [19]. The FF can be increased by 
improving the active layer morphologies for balanced charge transport 
[20-23]. 

In addition to the synthesis of photoactive materials, interlayer 
modification is essential for solving the intrinsic limitations of mis
matched energy levels, unbalanced carrier mobility, and improved de
vice efficiency and stability in PSCs.[12-14] Interfacial engineering is a 
fundamental approach to increasing PCEs [17,24-29]. The anode/ 
cathode buffer layers are inserted between the active layer and the 
electrodes. These buffers can alleviate the interfacial energy barriers and 
facilitate charge transporting/collection capability when holes are 
collected at the anode and electrons are extracted at the cathode [30]. 
Appropriate materials could efficiently hamper charge recombination 
and lower contact resistance at the active layer/electrode interface, 
leading to enhanced hole/electron extraction. As a result, JSC, VOC, and 
FF, in a single device, can be selectively or simultaneously enhanced 
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[31]. 
Among the many material types used as interlayer materials in PSCs, 

conjugated polymer electrolytes (CPEs) have been reported to improve 
the PCE. CPEs consist of a conjugated polymer backbone and a polar 
ionic side group. Alcohol-soluble CPEs are efficient interfacial materials 
owing to their unique properties [28]. These properties include intimate 
contact with the hydrophobic organic active layer and hydrophilic 
electrode alcohol-soluble fabrication without intermixing with the 
halogenated solvent-processed active layer [8,32-34]. The alcohol- 
soluble CPE forms an interfacial dipole at the cathode interface and 
improves the built-in electrical field [35,36]. Therefore, many high- 
performance fluorene-based CPEs, such as the widely used PFN (poly[ 
(9,9-bis (3-(N,N-dimethylamino) propyl)-2,7-fluorene)-alt-2,7-(9,9- 
dioctyl fluorene)]), contain hydrophilic amino groups and hydropho
bic aliphatic side chains [37-40]. 

In this study, we designed and synthesized diverse CPEs to investi
gate the effect of their backbone and side chain structures, based on 
dimethylaminopropyl fluorene (FN) interlayer, on photovoltaic prop
erties. Fig. 1 shows a series of CPEs with different side chains divided 
into three categories. The first category contains FN polymers as a 
neutral precursor (neutral polymer category) with an FN backbone with 
a thiophene named PFN-T (poly[(9,9-bis(3′-(N,N-dimethylamino)pro
pyl)-2,7-fluorene)-alt-4,7-(thiophene)]); an FN backbone with a benzo
thidiazole named PFN-BT (poly[(9,9-bis(3′-(N,N-dimethylamino) 
propyl)-2,7-fluorene)-alt-4,7-(2,1,3-benzothiadiazole)]); and an FN 
backbone with a dithienyl-benzothiadiazole unit named PFN-TBT 

(poly- [(9,9-bis(3′-(N,N-dimethylamino)propyl)-2,7-fluorene)-alt-4,7- 
(dithienyl)-2,1,3 (benzothiadiazole)]). The second category contains 
FN polymer derivatives (salt polymer category) quaternarized with a 
tetraalkyl ammonium salt named PFN-T salt (poly[(9,9-bis(3′-(N- 
ethy-N,N-dimethylamino)propyl)dibromide-2,7-fluorene)-alt-4,7 (thio
phene)]); PFN-BT salt (poly[(9,9-bis(3′-(N-ethyl-N,N-dimethylamino) 
propyl)dibromo-2,7-fluorene)-alt-4,7-(2,1,3 benzothiadiazole)]); and 
PFN-TBT salt (poly-[(9,9-bis(3′-(N-ethyl,N,N-dimethylamino) propyl) 
dibromide-2,7-fluorene)-alt-4,7-(dithienyl)-2,1,3(benzothia-diazole)]). 
The last category contains neutral polymers quaternarized with an ethyl 
hydroxy trialkyl ammonium salt (OH salt polymer category) 
named PFN-T-OH salt (poly[(9,9-bis(3′-(N-hydroxyethy-N,N-dimethyl 
amino) propyl)dibromide-2,7-fluorene)-alt-4,7-(thiophene)]); PFN-BT- 
OH salt (poly[(9,9-bis(3′-(N-hydroxyethyl-N,N-dimethylamino) propyl) 
dibromo-2,7-fluorene)-alt-4,7-(2,1,3-benzothiadiazole)]); and PFN- 
TBT-OH salt (poly- [(9,9-bis(3′-(N-hydroxyethyl,N,N-dimethy 
lamino) propyl) dibromide-2,7-fluorene)-alt-4,7-(dithienyl)-2,1,3 
(benzothiadiazole)]). 

The first category, containing PFN-T, PFN-BT, and PFN-TBT, con
tains hydrophilic amino parts and hydrophobic parts in the backbone. A 
small amount of acetic acid should be added to the polymer to improve 
its solubility in MeOH, leading to orthogonal solubility with the active 
layer. In our previous study, we discovered the acid additive in PFN 
enhanced the performance of the devices. However, this may deteriorate 
the ZnO layer because of its acidic nature [41]. Modifying the hydro
philic amino part by quaternization to increase solubility in MeOH is 

Fig. 1. Chemical structures of neutral, salt, and OH salt polymer categories.  
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required to overcome the ZnO layer deterioration. Two types of qua
ternarized agents were used: bromoethane and bromoethanol. In pre
vious studies, organic electrolytes with hydroxyl groups were prepared 
and deposited as the interlayer for inverted PSCs [42,43]. Inspired by 
the excellent interface characteristics of hydroxyl groups, we focused on 
interface dipole modification by introducing a hydroxyl group and a 
quaternary ammonium bromide salt. The presence of a quaternary 
ammonium salt, which contains CPE, leads to a high JSC in solar cells. 
The synergistic effect of the interlayer allows embedding in the ZnO 
layer. This is due to the formation of a favorable interface dipole be
tween the ZnO and the quaternary ammonium salt layer. The electron 
collection ability from the active to the electron transport layer is 
improved by reducing the interface energy barrier [44-46]. 

Using the neutral polymer and polymer salt as the interlayer in the 
inverted device structure (ITO/ZnO/interlayer/PTB7-Th: PC71BM/ 
MoO3/Ag), we found that CPEs with OH salt polymers offered the 
highest PCEs as compared to neutral polymer PCEs. The PCEs of the 
neutral polymer PSCs were 8.80%, 9.94%, and 9.43% for PFN-T, PFN- 
BT, and PFN-TBT, respectively. The PCEs of the PSCs in the polymer salt 
category were 9.43%, 9.87%, and 9.74% for PFN-T salt, PFN-BT salt, 
and PFN-TBT salt, respectively. Finally, for the polymer hydroxy salt, 
the PCEs of the PSCs were 9.85%, 10.6%, and 10.0% for PFN-T-OH, PFN- 
BT-OH, and PFN-TBT-OH salts, respectively. Introducing a qua
ternarized polymer between the ZnO and active layer could achieve 
excellent PCE values for the PSCs. Additionally, the PCE of devices with 
quaternarized OH salt reached 10.6% owing to the synergistic effect of 
hydrogen bonding between the ZnO layer and the hydroxyl group in the 
quaternary salt. Moreover, a robust intramolecular charge transfer 
occurred because of the improved electron affinity in the electron- 
withdrawing moiety of BT. 

2. Result and discussion 

2.1. Optical and electrochemical properties 

We performed ultraviolet–visible (UV–Vis) spectroscopy to investi
gate the optical properties of the polymers. The polymer solutions were 
prepared by dissolution in methanol with a 6:1 M ratio of acetic acid to 
polymer. Fig. 2 shows the absorption spectra of the CPE-based polymer 
thin film, and its optical properties are listed in Table 1. The maximum 
absorption of the PFN-T film appeared at 430 nm (Fig. 2a), which is 
slightly blue-shifted as compared to the PFN-T salt (414 nm) and the 
PFN-T-OH salt (426 nm). A similar hypsochromic shift was caused by the 
sodium salt end group to produce a conformational change in thiophene, 
as studied by Holdcroft et al. [47] The salts are held closer to the thienyl 
ring and exhibit steric effects, and the interaction between the salt 
substituent and lone pair electrons on the sulfur atom plays a dominant 
role. Therefore, the adjacent thienyl rings twisted and shortened 
conjugation lengths [48]. 

As shown in Fig. 2b, PFN-BT showed two broad absorption bands at 
322 and 446 nm, respectively. A band in the shorter wavelength region 
corresponds to the π–π* transition, and an extended wavelength region 
corresponds to the intramolecular charge transfer (ICT) absorption, 
which is characteristic of conjugated polymers with a donor–acceptor 
architecture. In the ICT region, the PFN-BT salt and PFN-BT-OH salt 
films showed absorption bands at 448 and 444 nm, respectively, which 
are nearly the same as the absorption maxima of PFN-BT. This is pre
sumably because the terminal amino salt groups are unlikely to affect 
adjacent benzothiadiazole ring interactions in the film state [49]. The 
optimized molecular orbitals of PFN-BT (Figure S1b) showed no steric 
effect, as the dimethyl aminopropyl fluorene and benzothiazole were far 
from each other. The PFN-TBT film exhibited two absorption bands 
(Fig. 2c) at 395 and 565 nm, which correspond to the π–π* transition of 
the backbone and ICT absorption, respectively. The absorption spectra 
of the PFN-TBT salt and the PFN-TBT-OH salt showed the same features. 
The maximum ICT absorption wavelengths of the PFN-TBT salt and the 

PFN-TBT-OH salt were 512 and 549 nm, respectively, which were blue- 
shifted from those of PFN-TBT. This is possibly due to the steric hin
drance between the thienyl segments in the TBT group. The FN group 
causes twisting of the adjacent thienyl rings and shortening of conju
gation lengths. In the optimized computational structure of PFN-TBT 
(Figure S1c), the aminopropyl chain in the fluorene unit is settled in 
opposite directions to minimize electrostatic interactions. This effect 
bends the linkage between the two repeating units and produces a slight 
twist of the thiophene rings with the benzothiadiazole group [50]. 

The HOMO and LUMO energy levels of the polymers were 

Fig. 2. UV–Vis spectra of (a) PFN-T series, (b) PFN-BT series, and (c) PFN-TBT 
series films. 
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determined from the oxidation and reduction onset potentials in cyclic 
voltammograms (CVs) (Figure S2). The CVs were calibrated using the 
ferrocene/ferrocenium (Fc/Fc+) redox couple. Based on the onset 
reduction potential, the LUMO energy levels of PFN-T, PFN-BT, and 
PFN-TBT were − 3.32 eV, − 3.18 eV, and − 3.43 eV, respectively. The 
HOMO energy levels of PFN-T, PFN-BT, and PFN-TBT were estimated to 
be − 5.65. − 5.57, and − 5.66 eV, respectively. This result indicates that 
different electron-donating functional groups influence the HOMO level 
of the fluorene-based polymer, unlike the LUMO level, which is stabi
lized by introducing electron-withdrawing and electron-donating units 
on both sides of the FN. 

2.2. Theoretical calculation of the polymers 

The theoretical calculation was initially adopted to explore the 
electronic properties and provide preliminary insight into the geometric 
structures and dipolar properties of the interlayer materials. For simple 
computational calculations, the long side chains and polymer backbones 
were replaced with a methyl group and two repeating units. Density 
functional theory calculations were carried out using a B3LYP/6-31G(d) 
basis set based on the Gaussian suite of programs (Gaussian 09) [51]. 
The optimized geometries of the CPE interlayer materials with dihedral 
angles and dipole moments are depicted in Figure S3. Dihedral angles 
are defined as the 180◦ torsional angle deviation between the adjacent 
fluorene units surrounding the connecting bond. A small dihedral angle 
(i.e., planar structure) promotes delocalization of the π-electron system. 
Similarly, the bond length alternation parameter provides a quantitative 
measure of the homogeneous distribution of π electrons over the bonds 
(Peierls distortion) by comparing the consecutive bond lengths along the 
chain. Enhancing the electronic delocalization tends to equalize the 
bond lengths, reducing the bond length alternation [52]. 

The dihedral angles between the dimethylamino fluorene and the 
thiophene moiety in PFN-T were − 27.40◦ and 24.79◦, respectively. The 
preferred conformation for thienyl rings is to be oriented anti, which 
minimizes the effect of steric hindrance [48]. The dihedral angles be
tween the dimethyl amino fluorene and the benzothiadiazole moiety are 
− 37.06◦ and − 36.97◦, suggesting that a strong steric hindrance effect 
occurs between the fluorene and BT moieties, adopting a nonplanar 
configuration, as depicted in (Figure S1b) [53]. PFN-TBT showed the 
most planar geometry with dihedral angles of − 24.42◦ and 23.93◦. The 
thiophene link between the FN segment and benzothiadiazole caused 
conformational effects. The structural variation resulted in a distinctly 
different dihedral angle between the thiophene unit and flanked ben
zene in the fluorene moiety. 

The one-thiophene bridge in PFN-T has larger dihedral angles than in 
the two-thiophene bridge in PFN-TBT. This thiophene bridge makes the 
backbone of PFN-TBT more flexible and increases the distance between 
the two polar groups, weakening the repulsion to a certain degree to 
obtain the smaller dihedral angles of PFN-TBT. The largest dihedral 

angle was observed for PFN-BT due to the interchain interaction. A 
reasonable conformation for fluorene-based polymers has an all-trans or 
near-trans conformation dihedral angle, as the fully trans conformation 
is energetically unfavorable (as it is sterically hindered) [54]. 

The calculated dipole moments of the polymers are shown in 
Figure S1. The trend was estimated as follows: PFN-BT (3.45 D) > PFN- 
TBT (2.08 D) > PFN-T (1.60 D). As shown in Figure S1, the thiophene (T) 
bridge in PFN-TBT and PFN-T caused small permanent dipoles. Notably, 
the PFN-BT has a benzothiadiazole group in the backbone at the oppo
site side of the polar group, which helps acquire a more decisive dipole 
moment (3.45 D). The dipole moment in this calculated result corre
sponds to the dihedral angle. Seo et al. [55] reported that a larger 
interfacial dipole on the CPE could arise from the higher permanent 
dipole moment. The primary requirement of an interlayer is its ability to 
produce large interfacial dipoles that induce a vacuum-level shift to 
modify the electrode work function [56]. 

The frontier molecular orbitals of the two repeating units with 
theoretical HOMO/LUMO energy levels are shown in Figure S3. The 
calculated HOMO/LUMO energy levels exhibited similar trends in the 
UV–Vis and CV experiments. However, the orbital character of the CPE 
interlayer dimers showed different delocalized electrons. In particular, 
the HOMO energy levels are accessed when thiophene and benzothia
diazole are incorporated into the polymer backbone in PFN-T, PFN-BT, 
and PFN-TBT. Additionally, at the HOMO level, electrons are delo
calized along the chain direction, whereas their localization takes place 
in the electron-withdrawing unit at the LUMO level for PFN-BT and PFN- 
TBT. 

2.3. Optical simulation characteristic of the devices using transfer matrix 
formalism 

To confirm the role of the interlayer, an optical model for CPE-based 
devices was carried out using transfer matrix formalism (TMF). This 
provides a guideline for predicting the optimized device architecture. 
The optical constants, refractive index (n), and extinction coefficient (k) 
values of the selected CPE, PTB7-Th:PC71BM, were determined using 
ellipsometry spectroscopy, and those of ITO, ZnO, MoO3, and Ag were 
obtained from previous literature [57-60]. In this study, a MATLAB 
script, developed by the McGhee group, was used for transfer matrix 
optical modeling [57]. The absorption distribution over the film thick
ness was calculated in the wavelength range of 300–800 nm. Multi
plying with the AM 1.5 sun spectrum and integrating over the film 
thickness resulted in optical electric field profiles corresponding to 
various position wavelengths, as depicted in Fig. 3 [61]. The device with 
an interlayer showed prominent electrical field peaks located inside the 
active layer for the four incident lights from 350 to 650 nm. This 
simulation indicates that the interlayer structures cause a slight change 
in the optical electric field (OEF) distribution. As depicted in Fig. 3a, c, e, 
and g, the device with pristine ZnO showed the lowest OEF intensity 
compared with the devices with interlayers, while the device based on 
PFN-BT exhibited the highest OEF intensity. The field intensity over the 
entire wavelength range of 300–1100 nm was mapped to obtain the OEF 
distribution details. Fig. 3b, d, f, and h show the normalized field in
tensity versus distance at different incident light wavelengths for each 
layer in the solar cell. Visibly, the 350–650 nm wavelength region shows 
a slight influence of thin-film interference, with higher OEF developing 
from constructive interference. Although very thin, ±5 nm CPE layers 
exist, and the alteration in the OEF distribution spectra indicates that the 
optical effect of the CPE backbone is responsible for the modifications in 
the interlayer active layer region in the device. The OEF spectra of de
vices with PFN-BT show the highest intensity, which is strongly influ
enced by the parasitic absorption of CPEs and the constructive and 
destructive interference between incident and reflected light [59]. 

Table 1 
Optical and electrochemical properties of CPE.  

Sample λmax
a (nm)  λedge

b (nm)  HOMOc (eV) LUMOd (eV) 

PFN-T 430 502 − 5.65 − 3.32 
PFN-T salt 414 493 – – 
PFN-T-OH salt 426 493 – – 
PFN-BT 322, 446 507 − 5.57 − 3.18 
PFN-BT salt 322, 448 507 – – 
PFN-BT-OH salt 322, 444 507 – – 
PFN-TBT 395, 562 654 − 5.66 − 3.43 
PFN-TBT salt 379, 512 628 – – 
PFN-TBT-OH 394, 549 646 – – 

a) maximum absorption. 
b) optical bandgap obtained from the absorption edge. 
c), d) obtained from oxidation and reduction onset potential of cyclic 
voltammogram. 
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2.4. Investigation of the CPE-covered ZnO surface 

Water contact angle characterization is used to provide intuitive 
information about the surface component wettability. The surface 
properties of the ZnO/CPEs were investigated using water contact angle 
measurements (Figure S4). The water contact angle of the ZnO/neutral 
polymer category was higher than that of both the ZnO/salt polymers 
and the OH salt polymers owing to the hydrophobic properties of the 
neutral polymer category. The water contact angles of the ZnO surface 
with PFN-T, PFN-BT, and PFN-TBT were 50.9◦, 51.3◦, and 51.9◦, 
respectively, all of which were higher than the pristine ZnO value 
(28.6◦). In Figure S5, quaternarized CPEs showed a low water contact 
angle due to increased polymer salt hydrophilicity and hydrogen bond 
formation of the polymer-OH salt. The values for PFN-T salt, PFN-BT 

salt, and PFN-TBT salt were 42.3◦, 37.3◦, and 48.7◦, respectively, and 
those for PFN-T-OH salt, PFN-BT-OH salt, and PFN-TBT-OH salt were 
31.3◦, 32.8◦, and 44.6◦, respectively. In general, a small water contact 
angle indicates a suitable wetting property and is advantageous for using 
CPEs interlayers in solar cells. The smaller contact angle was attribute to 
interfacial modification with salt and OH-salt CPEs layer. Thus, the 
compatibilities between ZnO and the active layer with ZnO/CPEs were 
better. The surface contact angle measurement shows that the self- 
assembly CPEs layer has a better wettability than that of the spin- 
coated film, which means that there are more side chains of self- 
assembly PFN outward away from the substrate [62]. 

Kelvin probe microscopy measurements were performed to investi
gate the influence of CPEs on the ZnO work function. Fig. 4 shows the 
work function (WF) of ZnO with neutral, salt, and OH salt polymer 

Fig. 3. Optical electric field intensity of (a, b) pristine, (c, d) PFN-T, (e, f) PFN-BT, and (g, h) PFN-TBT by TMF optical simulation.  
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categories. The WF values of ZnO with neutral PFN-T, PFN-BT, and PFN- 
TBT were − 4.36, − 4.11, and − 4.28 eV, respectively. The WF values 
based on PFN-T salt, PFN-BT salt, and PFN-TBT salt were − 4.32, − 4.17, 
and − 4.21 eV, respectively. The WF values based on PFN-T-OH salt, 
PFN-BT-OH salt, and PFN-TBT-OH salt were − 4.10, − 4.02, and − 4.07 
eV, respectively. The WF values for ZnO with interlayers were higher 
than those of ZnO without an interlayer (− 4.4 eV). The mechanism 
resulting in PCE improvement is attributed to the WF change at the ZnO 
surface by interface dipole formation [63], which can be tuned by 
introducing an interlayer, that is, transition from a Schottky to an Ohmic 
contact. Thus, the reduced barrier height at the ZnO surface might 
improve the charge collection capability [36,64,65]. 

For polymer salts, a higher interface dipole can be expected because 
the polymer salt dipole moment magnitude may be greater than that of 
neutral polymers. The neutral polymer is soluble in alcohol in the 
presence of a small amount of acetic acid because of the weak interac

tion between the nitrogen atoms in the side chain and the acetic acid. 
Compared with polymer salts, it dissolves easily in polar solvents. 
Neutral amine groups in neutral polymers are primarily physisorbed 
onto the ZnO surface [66,67]. The WF reduction and energy level 
adjustment are due to the amine CPE intrinsic molecular dipole (µMD) 
synergistic effect acting perpendicular to the surface and to the inter
facial dipole (μID) formed at the interface of the modifier molecules and 
the electrode surface. The contribution of the μID is attributed to partial 
electron transfer from the amine-containing molecules to the electrode 
surface [62,66,68,69]. The magnitude of the dipole moment based on 
the OH salt polymer category is higher than that of the polymer salts due 
to polar –OH groups, which generate a synergistic effect on the dipole 
moment magnitude. Thus, the magnitude of the interface dipole 
moment for the OH salt polymer category > the salt polymer category >
the neutral polymer category. The trend for Jsc is the trend of the WF. 
Generally, the WF difference in the charge transporting layer is not the 
main factor affecting the built-in potential and VOC Fermi-level pinning 
[70]. 

Park et al. studied the spontaneous organization of side chains on 
CPE [71]. Based on our previous study, we discovered that the CPE 
quaternarized side chain affects the WF and wetting ability due to the 
spontaneous arrangement of the side chain [72,73]. In the stacking 
device architecture, upon introducing an interlayer between ZnO and 
the active layer, the ionic groups on the CPE backbone were directed 
away from the active layer surface. Simultaneously, the side chains 
pointed toward the ZnO layer owing to the spontaneous reorganization. 
The increased number of accumulated ionic groups on the CPE led to an 
Ohmic contact and increased wettability of the active layer. 

2.5. Photovoltaic properties 

To investigate the photovoltaic properties of the device with CPE 
interlayers, we constructed and tested inverted-type PSCs with an ITO/ 
ZnO/interlayer/PTB7-Th:PC71BM/MoO3/Ag structure (Fig. 5a). The 
current density–voltage (J − V) curves of the PSCs with the PFN CPE 
interlayer under illumination (inset: under dark conditions) are shown 
in Fig. 5b–c. Additionally, the photovoltaic parameters are summarized 
in Table 2. Devices based on the PFN interlayer showed higher PCEs 
than those based on pristine ZnO. This indicates that PFN derivatives are 
potential materials for interfacial modification to improve device per
formance. The PCEs of the PSCs with the neutral categories of PFN-T, 
PFN-BT, and PFN-TBT were 8.80%, 9.94%, and 9.43%, respectively. 
The relative improvements in the PCE based on PFN-BT and PFN-TBT 
were 13.7% and 7.89%, respectively, upon comparison with the pris
tine ZnO-based device. However, the PCE of the device based on PFN-T 
was almost identical to that of the device based on pristine ZnO. The 
improvement in the performance of neutral PFN category devices 
mainly arises from the simultaneous enhancements of JSC and FF. 

The devices based on the salt polymer category exhibited improved 
performance compared with the device based on pristine ZnO. The PCEs 
of the devices based on PFN-T salt, PFN-BT salt, and PFN-TBT salt were 
9.43%, 9.87%, and 9.74%, respectively. The highest PCE was observed 
for the device with PFN-BT salt. The PCE improvement of the devices 
based on PFN-T salt, PFN-BT salt, and PFN-TBT salt were 7.89%, 
12.93%, and 11.4%, respectively, compared with those of pristine ZnO 
devices. The PCEs of the devices based on PFN-T-OH salt, PFN-BT-OH 
salt, and PFN-TBT-OH salt were 9.85%, 10.6%, and 10.0%, respec
tively. The devices based upon the OH salt polymer category showed 
significantly improved PCEs. Essentially, the side chain functionality 
helped increase device performance. Note that the calculated JSC values 
obtained from the incident photon-to-current efficiency (IPCE) curves 
(Figure S6) were in good agreement with the values obtained under 1.0 
sun illumination. 

The PCE of the devices based on the neutral polymer category was in 
the order PFN-BT > PFN-TBT > PFN-T. The result agreed well with the 
calculated dipole. The synergistic effect from the side chain and different 

Fig. 4. Energy level diagrams of (a) ZnO/neutral, (b) ZnO/salt, and (c) ZnO/ 
OH salt polymer categories. 
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backbone structures influence the interfacial dipole magnitude and di
rection. PFN-T exhibited the lowest PCE among the neutral polymers 
owing to the lowest interfacial dipole moment and optical effect. The 
thienyl rings were twisted and had shorter conjugation lengths [47]. The 
comprehensive and planar π-conjugated system in PFN-TBT affects WF 
and charge mobility. Thus, PFN-TBT showed a higher PCE than PFN-T. 
The benzothiadiazole in PFN-BT enhanced electron mobility due to the 
high content of electron-deficient BT units. This was probably due to the 
non-covalent attractive interactions among S, C, H (in thiophene) and 
nitrogen (in BT), which minimized the torsional angle [48]. A smaller 
torsional angle maximizes the polymer planarity chain, resulting in 
efficient charge transport. Thus, PFN-BT showed better performance 
than that of PFN-T and PFN-TBT. The PCE of the devices based on the 
salt polymer and OH salt polymer categories follows the trend of the 
PCEs in the neutral polymer category. 

Devices without an interlayer exhibited the lowest performance, 
where the combination of low VOC, JSC, and FF resulted in an 8.74% 
PCE. The low performance of the device based on pristine ZnO among 
the devices can be explained by a mismatch of the WF between the 
active and electrode layers and a low charge extraction due to high 
contact resistance [36,64,74]. A noticeable correlation was found be
tween the CPE functionality and the PCEs of the devices. Devices based 
on salt polymers as the interlayer exhibited improved PCEs than those of 
devices based on neutral polymers. Notably, the PCE improvement 
mainly resulted from the JSC enhancement [31,75-77]. The work func
tion data agree well with the trend of JSC data. (Figure S5a). 

The electron mobilities of the devices [ITO/ZnO with or without 
interlayer/PC71BM (60 nm)/Al (100 nm)] were studied to understand 
the effect of the interlayer on the device electron transport properties. 
The Mott–Gurney law was adopted to calculate the electron mobility 
[78]. We can easily notice that the electron mobilities of the devices 
with PFN as the interlayer are higher than those of the device based on 
pristine ZnO (2.64 × 10− 3 cm− 2 V− 1 s− 1). The electron mobilities of the 
devices with PFN-T, PFN-BT, and PFN-TBT were 2.76 × 10− 3, 4.13 ×
10− 3, and 3.41 × 10− 3 cm− 2 V− 1 s− 1, respectively. The calculated 
electron mobilities of the devices based on PFN-T salt, PFN-BT salt, and 
PFN-TBT salt were 3.01 × 10− 3, 3.87 × 10− 3, and 3.71 × 10− 3 cm− 2 V− 1 

s− 1, respectively. The electron mobilities of the devices based on PFN-T- 
OH salt, PFN-BT-OH salt, and PFN-TBT-OH salt were 4.27 × 10− 3, 4.66 
× 10− 3, and 4.3 × 10− 3 cm− 2 V− 1 s− 1, respectively. The higher electron 
mobilities of the devices based on salt polymer and OH salt polymer 
categories were higher than those of the devices based on the neutral 
polymer category, which can be explained by their better cathode 
modification capability, and the larger electron mobilities of the 
interlayer-based devices can be ascribed to the JSC data trend of the 
PSCs. 

As summarized in Table 2, the series resistance (Rs) was determined 
from the inverse slope near the high current regime in the current 
density–voltage curves obtained under 1.0 sun conditions. Under the 
illuminated condition, the Rs values of the devices with PFN-T, PFN-BT, 
and PFN-TBT were 4.40, 4.05, and 4.29 Ω cm2, respectively. The Rs 
values for devices based on PFN-T salt, PFN-BT salt, and PFN-TBT salt 
were 4.34, 4.09, and 4.17 Ω cm2, respectively. The Rs values for devices 
based on PFN-T-OH salt, PFN-BT-OH salt, and PFN-TBT-OH salt were 
4.04, 3.76, and 3.98 Ω cm2, respectively. The Rs value for pristine ZnO 
was 5.26 Ω cm2. Evidently, the Rs values of the devices have strong 
correlations with the trend in the PSC polymer photovoltaic properties 
(Figure S5a). 

This Rs could be attributed to the Ohmic loss of the entire device, 
including bulk and contact resistance. Therefore, Rs was affected by the 
resistivity of the pristine ZnO, the ZnO/interlayer, and factors such as 
the contact resistance between different layers [79]. The excellent FF 
can be further verified by the Rs and the shunt resistance (Rsh) calculated 
from the J − V curves. The smallest Rs and the largest Rsh values indicate 
that the charge carrier transport and collection ability are enhanced by 
using ZnO/CPEs, resulting in an increase in FF and PCE [80]. Rsh rep
resents the current leakage from the cell edges and from the device. 
Several groups have reported that metal atoms, during thermal evapo
ration, can damage the active layer surface and diffuse inside the blend. 
Metal atoms are active centers for carrier recombination; hence, the 
current loss increases as reflected by a decrease in Rsh [81]. The Rsh 
value was obtained from the J − V curve under illumination. The Rs 
values of the devices based on PFN-T, PFN-BT, and PFN-TBT were 578, 
710, and 714 kΩ cm2, respectively. For the devices based on PFN-T salt, 

Fig. 5. (a) Device architecture, J-V curves of PSCs based on (b) neutral, (c) salt, and (d) OH salt polymer category as the interlayer.  
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PFN-BT salt, and PFN-TBT salt, the Rsh values were 505, 792, 899, and 
814 kΩ cm2, respectively. The Rsh values for the device based on PFN-T- 
OH salt, PFN-BT-OH salt, and PFN-TBT-OH salt were 911, 916, and 905 
kΩ cm2, respectively, which are higher than those of devices with 
pristine ZnO (552 kΩ cm2). This Rsh is consistent with the device FF 
values, suggesting that the interlayer helps increase the Rsh by elimi
nating short circuits between the contacts, which contributes to 
increased device efficiency. However, the increased shunt resistance 
may not be the sole reason for the increased device efficiency. The 
incorporation of CPE as an interlayer in the devices can also influence 
their electrical characteristics. The Rsh of the CPE-based device increases 
in the order of neutral < salt < OH salt polymer category. Additionally, 
the Rsh tendency increases coherently with FF, indicating improved 
device characteristics (Figure S5b). Electrical properties, such as low 
series resistance and high shunt resistance, of the devices based on 
neutral polymer, salt polymer, and OH salt polymer categories, are 
responsible for the increased FF. 

We evaluated the relationship between photocurrent density (Jph) 
and effective voltage (Veff ) to understand the charge transport and 
collection properties of the devices with and without an interlayer. Here, 
Jph and Veff were defined by JL (measured current density under illu
mination) – JD (measured current density in dark condition) and V0 
(voltage at Jph = 0) – Va (applied voltage), respectively. As shown in 

Fig. 6, the log (Jph) vs. log (Veff ) showed a linear relationship with a low 
Veff range and began saturating at a high Veff region. The Veff values of 
the devices in the saturated photocurrent regime (Vsat) based on PFN-T, 
PFN-BT, and PFN-TBT were 0.53, 0.22, and 0.53 V, respectively, which 
were smaller than those of the pristine ZnO-based device (0.56 V). The 
Vsat values of the devices based on PFN-T salt, PFN-BT salt, and PFN-TBT 
salt were 0.44, 0.33, and 0.26 V, respectively. Additionally, the Vsat 
values of the devices with PFN-T-OH salt, PFN-BT-OH salt, and PFN- 
TBT-OH salt were 0.27, 0.18, and 0.24 V, respectively. Notably, the 
magnitude of Vsat is in the order of neutral polymer > salt polymer > OH 
salt polymer categories. This trend corresponds with the changes in JSC 

Table 2 
Performance data of the PSCs with CPEs with the highest PCE. The averages of 
20 devices are summarized in parentheses.   

Jsc
a 

(mA/ 
cm2) 

Jsc, cal
b 

(mA/ 
cm2) 

Voc 

(V)  
FF 
(%)  

PCE 
(%)  

Rs
b 

(Ω 
cm2) 

Rsh
c 

(Ω 
cm2) 

ZnO 17.5 
(17.4)  

17.5 0.80 
(0.80) 

62.2 
(62.1) 

8.74 
(8.71)  

5.26 552 

ZnO/ 
PFN-T 

17.6 
(17.5 ±
0.09)  

17.6 0.81 
(0.80 
±

0.09) 

62.3 
(61.6 
±

0.73) 

8.80 
(8.69 
±

0.13)  

4.40 578 

ZnO/ 
PFN- 
BT 

18.8 
(18.7 ±
0.11)  

18.8 0.81 
(0.81 
±

0.00) 

65.1 
(63.9 
±

1.35) 

9.94 
(9.78 
±

0.23)  

4.05 710 

ZnO/ 
PFN- 
TBT 

17.8 
(17.7 ±
0.10)  

17.9 0.81 
(0.81 
±

0.00) 

65.4 
(64.7 
±

0.73) 

9.43 
(9.32 
±

0.15)  

4.29 714 

ZnO/ 
PFN-T 
salt 

17.7 
(17.6 ±
0.02)  

17.7 0.81 
(0.80 
±

0.00) 

66.3 
(65.4 
±

0.73) 

9.43 
(9.28 
±

0.14)  

4.34 792 

ZnO/ 
PFN- 
BT 
salt 

18.2 
(18.1 ±
0.13)  

18.2 0.80 
(0.80) 

67.4 
(66.7 
±

0.99) 

9.87 
(9.65 
±

0.28)  

4.09 899 

ZnO/ 
PFN- 
TBT 
salt 

18.0 
(17.90 
± 0.09)  

18.1 0.81 
(0.81 
±

0.00) 

66.7 
(65.6 
±

1.08) 

9.74 
(9.64 
±

0.11)  

4.17 814 

ZnO/ 
PFN- 
T-OH 
salt 

18.3 
(18.2 ±
0.04)  

18.9 0.80 
(0.80 
±

0.00) 

67.0 
(66.4 
±

0.13) 

9.85 
(9.79 
±

0.22)  

4.04 911 

ZnO/ 
PFN- 
BT- 
OH 
salt 

19.4 
s(19.30 
± 0.09)  

19.5 0.80 
(0.80 
±

0.00) 

68.4 
(67.3 
±

1.39) 

10.6 
(10.5 
±

0.23)  

3.76 916 

ZnO/ 
PFN- 
TBT- 
OH 
salt 

18.6 
(18.5 ±
0.08)  

19.2 0.81 
(0.80 
±

0.00) 

66.4 
(66.3 
±

0.93) 

10.0 
(9.96 
±

0.15)  

3.98 905  

a Calculated from the IPCE curves, b series, and c shunt resistance under 
illumination. 

Fig. 6. Photocurrent (Jph) density vs. effective voltage (Veff) of (a) neutral, (b) 
salt, and (c) OH salt polymer categories. 
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and PCE of the devices because a smaller Vsat indicates a faster transition 
from the space-charge-limited regime to the saturation regime. In other 
words, there is a low Vsat energy barrier in the devices. 

The saturation current density (Jsat) can be correlated with the 
maximum exciton generation rate (Gmax), the exciton dissociation 
probability, the carrier transport, and the collection probability at high 
Veff . Gmax depends on the absorption of light on the active layer and was 
determined by Jph/q⋅L, where q is the electron charge and L is the 
thickness of the active layer [82]. Additionally, the carrier transporting 
and collecting probability current saturation point was estimated using 
Jph/Jsat at any Veff . The Gmax value under the Jsat condition of the devices 
based on pristine ZnO was 1.57 × 1028 m− 3 s− 1 and the values for the 
ZnO/PFN-T, ZnO/PFN-BT, and ZnO/PFN-TBT devices were 1.58 × 1028, 
1.68 × 1028, and 1.61 × 1028 m− 3 s− 1, respectively. The PFN-T salt, PFN- 
BT salt, and PFN-TBT salt derivatives-based devices exhibited Gmax 
values of 1.58 × 1028, 1.62 × 1028, and 1.59 × 1028 m− 3 s− 1, respec
tively. The Gmax values for PFN-T-OH salt, PFN-BT-OH salt, and PFN- 
TBT-OH salt-based devices were 1.64 × 1028, 1.69 × 1028, and 1.73 
× 1028 m− 3 s− 1, respectively. No significant change was observed in 
Gmax as it is dependent on the active layer absorbance. Jsat is limited by 
carrier transport and collection upon dissociation of photo-generated 
excitons into free charge carriers at high Veff [41]. The point of Veff 

reached at saturated photocurrent, Gmax, and the carrier transporting 
and collecting probability have a strong correlation with the trend in JSC 
values. These values reveal that the CPEs exhibited reduced charge 
recombination and increased charge collection capability at the cathode 
layer interfaces. 

The dependence of JSC and VOC on light intensity (Plight) was 
measured to investigate charge carrier recombination, which is shown 
via the JSC vs. Plight and the VOC vs. Plight curves and their slopes. The 
relationship between JSC and Plight is explained by the equation 
JSC∝(Plight)α, where the value of α is unity when the bimolecular charge 
recombination is negligible [83]. As shown in Fig. 7, the α value of the 
device without the interlayer was 0.960. The α values of the devices with 
PFN-T, PFN-BT, and PFN-TBT were 0.964, 0.967, and 0.972, respec
tively. The α values for devices based on PFN-T salt, PFN-BT salt, and 
PFN-TBT salt were 0.975, 0.957, and 1.029, respectively. The devices 
based on PFN-T-OH salt, PFN-BT-OH salt, and PFN-TBT-OH salt showed 
α values of 0.966, 0.960, and 0.974, respectively. According to the re
sults, devices that exhibit bimolecular recombination are suppressed in 
PSCs with CPE interlayers. In BHJ-type solar cells, bimolecular recom
bination occurs mainly at the donor–acceptor interfaces of the active 
layer and the interlayers. Devices suppress recombination because of the 
decreased space charge at the interfaces [84]. 

The relationship between Voc and intensity (Plight) is explained by 
VocμskT/qln

(
Plight

)
, where k, T, q and Plight are the Boltzmann constant, 

temperature in Kelvin, electron charge, and illumination intensity, 
respectively. The slope, s, of the Voc vs. Plight curve provides information 
about trap-assisted recombination. The slope has a value of 1 when the 
band-to-band (Langevin) recombination is superior to the trap-assisted 
recombination. If devices have only trap-assisted recombination, the s 
value is 2. The slopes of the Voc vs. Plight curves with and without the PFN 
of the CPE-based devices are shown in Figure S7. For neutral polymers, 
devices without the PFN interlayer exhibited a s value of 1.46. The s 
values of the devices based on PFN-T, PFN-BT, and PFN-TBT were 1.43, 
1.25, and 1.36, respectively. The s values for devices based on PFN-T 
salt, PFN-BT salt, and PFN-TBT salt were 1.35, 1.87, and 1.27, respec
tively. The devices based on PFN-T-OH salt, PFN-BT-OH salt, and PFN- 
TBT-OH salt have s values of 1.22, 1.19, and 1.19, respectively. These 
results prove the effectiveness of CPEs on reducing the numbers of traps. 
The changes in the s values of devices correspond with the trend shown 
by the PCEs of PSCs and follow the FF trend. 

2.6. Electronic impedance spectroscopy (EIS) of PSCs 

Electronic impedance spectroscopy (EIS) was performed to investi
gate the carrier transport and recombination mechanisms. As shown in 
Fig. 8, the data were fitted to estimate the recombination resistance 
(Rrec). Efficient charge collection was implied by transport resistance, 
which is smaller than Rrec. The EIS spectra followed the Gerischer 
impedance model for intense recombination. The absence of a trans
mission line indicates that the devices experienced strong recombina
tion. In the Nyquist plots in Fig. 8, the respective electrochemical steps 
with different time constants are represented by semicircles. The 

Fig. 7. Dependence of JSC on light intensity of (a) neutral, (b) salt, and (c) OH 
salt polymer categories. 
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distance between the intercepts at the real axis corresponds to the 
charge-transfer resistance of the device [85-92]. The larger the EIS 
semicircle, the greater the Rrec. The higher Rrec values are related to the 
charge extraction capability at the ZnO interfaces. The Rrec values for 
devices based on PFN-T, PFN-BT, and PFN-TBT were 1133, 1326, and 
1450 kΩ, respectively. The Rrec values for devices based on PFN-T salt, 
PFN-BT salt, and PFN-TBT salt were 2081, 3585, and 2582 kΩ, respec
tively. The Rrec values for devices based on PFN-T-OH salt, PFN-BT-OH 
salt, and PFN-TBT-OH salt were 3899, 4620, and 3694 kΩ, respec
tively. The semicircle size increased, leading to an increase in Rrec. The 
Rrec magnitude of the device was in the order: neutral polymer < salt 
polymer < OH salt polymer categories, indicating that the lowest 

reduced interfacial recombination corroborates with the Rsh and FF of 
PSCs. Additionally, the EIS results are consistent with the relationship 
between the Voc and intensity (Plight) of the PSCs. 

3. Conclusion 

We synthesized and characterized a series of CPEs divided into three 
categories: neutral polymer, salt polymer, and OH salt polymer. Each 
category contained three different backbones (T, BT, TBT). The CPEs 
were introduced as interlayers in inverted PSCs with an ITO/ZnO/CPE/ 
PTB7-Th: PC71BM/MoO3/Ag structure. The highest PCE, 10.6%, was 
achieved with the PFN-BT-OH salt. Combined with surface contact angle 
measurement, optical simulation, and photovoltaic characterization of 
solar cells, we found that the PCEs of the CPE-based devices depended 
on the backbone structure and the side chain functionality. Different 
backbone structures resulted in varied molecular dipole moments, and 
the side chain functionality induced a larger interface dipole and 
spontaneous organization. This synergistic effect of the backbone and 
the side chain functionality, and JSC improvement greatly contributed to 
PCE enhancement due to the energy offset reduction at the cathode 
interface. 
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