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We present pH-neutral hole transporting layers processed from a solution at room temperature for or-
ganic photovoltaics (OPVs). Three new conductive conjugated polyelectrolytes (CPEs), identified as PFF,
PFT and PFSe, containing aromatic five-membered heterocyclic compounds (furan, thiophene, and se-
lenophene, respectively), are designed and synthesized using the Stille-coupling reaction. These poly-
mers dissolve in water/alcohol as they are comprised of a conjugated backbone with hydrophilic side
chains of sodium butane sulfonates. The CPEs with heterocyclic rings having stronger dipole moments
decrease the work function of ITO electrodes and the surface potential between the active layer and hole-
transporting layer (HTL) effectively. The device with PFSe as a HTL exhibits the best performance (7.2%),
with Jsc of 14.4 mAcm 2, Voc of 0.677 V and FF of 69.0%. The device also exhibits improvements in air
stability under room temperature due to its neutral nature. Also, 70% of its initial power conversion
efficiency (PCE) is maintained upon exposure to ambient air for ~480 h, whereas the initial PCE with
PEDOT:PSS decreases by more than 50%. Our results indicate that it is possible to improve the perfor-
mance of OPVs using pH-neutral CPEs as efficient HTLs. We determine the way of molecular design is

used to decrease the energy barrier using a heteroatom with a large dipole moment.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Recently, polymer solar cells (PSCs) have received substantial
attention as promising alternatives to inorganic photovoltaic de-
vices in academic research and industrial applications because
they are lightweight, flexible, require inexpensive manufacturing
and have the possibility of large-scale production via solution
processing [1-3]. Molecular design is essential for the develop-
ment of high performance optoelectronic materials in applications
of PSCs. Extensive research has been devoted to achieving the
optimal configuration of the chemical and structural parameters,
such as conjugated backbones, side chains and substituents [4-8].
After extensive structural optimization, compounds of the PTB
family, such as poly({4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b’]
dithiophene-2,6-diyl}{3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno
[3, 4-b]thiophenediyl}) (PTB7), exhibited excellent photovoltaic
performance. A power conversion efficiency (PCE) of approxi-
mately 7.4% has been achieved using PTB7/[6,6]-phenyl C71 bu-
tyric acid methyl ester (PC71BM) conventional solar cell devices
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[9]. Furthermore, inverted PSCs have led to PCEs higher than 8.2%
[10]. In addition to designing new active materials to enhance the
PCE and device stability, morphology optimization and interface
engineering of bulk heterojunction (BHJ) solar cells are also fun-
damentally important [11-14].

To improve the charge selectivity at the electrodes and to
minimize the energy barrier for charge extraction, a hole-trans-
porting layer (HTL) with electron-blocking properties is inserted
between the anode and the BHJ active layer. Moreover, an electron-
transporting layer (ETL) with hole-blocking properties is inserted
between the cathode and BH] active layer [ 15-17]. The polymer poly
(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)
is the most widely employed as a HTL material for PSCs, because of
its solution processability, appropriate work function, sufficient
conductivity, and high optical transparency in the visible-NIR re-
gion. However, PEDOT:PSS is highly acidic, and the strong aniso-
tropy in electrical conduction in spin-coated PEDOT:PSS layers,
originating from their lamellar structures, often limits charge col-
lection in solar cells. In solar cells, the active layer has the chemical
interaction at the interface between the active layer and the PEDOT:
PSS. Specifically, it determines the chemical instability between the
active layer and electrodes in the long-term [18-20]. To overcome
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these deficiencies, conjugated polyelectrolytes (CPEs) are used as an
interfacial material for organic photovoltaics. CPEs have received
increasing attention because of their ability to improve PCE through
solution processing. CPEs comprise m-conjugated backbones (hy-
drophobic) with ionic functional groups (hydrophilic) and are de-
veloped as multifunctional materials [21]. In the past, CPE layers
have been utilized as ETLs to improve electron extraction toward
the cathode. The advantages of using CPEs as ETLs in BH] solar cells
include reduction of series resistance, increase of internal built-in
voltage, and modification of the electron extraction properties of a
single device. These advantages facilitate the energy-level-matching
at the interface that is essential for these devices to achieve high
performance [22-24]. Kim et al. reported that one reason for the
improvement is that directly depositing CPE on top of the ITO
substrate can tune the electrode's work-function (WF) due to the
formation of an aligned interfacial dipole assembly at the metal/
organic semiconductor interface. This modifies the energy-level
alignment and decreases the charge extraction barrier [25]. In
contrast, the function of CPEs in affecting the hole injection/ex-
traction has been rarely addressed.

Although such CPEs show great potential for WF tunability in
organic electronic applications, their uses have been limited to
lowering the WFs of metals. Thus, some research has been devoted
to the development of CPEs by varying their polymeric structures,
including their conjugated backbone, ionic functionalities, and the
functional group in alkyl side chains [15]. These efforts do not
suggest an effective way to modulate dipole strength, which is the
determining factor for modifying the WFs of CPE-covered metal
electrodes. Lee et al. proposed a doping process to create new
dipoles in the functional group of the alkyl side chains and to
modulate the WFs of adjacent metal electrodes according to their
doping concentrations [26]. However, not all repeating units are
oxidized during the oxidation process. This demonstrates the low
reproducibility of this method due to the lack of control of the
doping concentration using the same oxidants.

Five-membered heterocyclic compounds, such as pyrrole, fur-
an, thiophene and selenophene, have different physical properties
because of the different heteroatoms present in each one. Com-
pared with benzenoid compounds, non-benzenoid aromatic
compounds have large resonance energy and large dipole mo-
ments. The delocalization of the heteroatom lone pairs into 7-
systems can be inferred from the dipole moments of the aromatic
heterocycles, for which the heteroatom is at the negative end of
the dipole in the saturated compounds [27,28]. Heteroatoms are
incorporated into hybridization, and based on using hybridization
and shape molecules can be categorized relative to the strength of
their molecular dipole moments.

In this study, we report unique water/alcohol-soluble CPEs:
poly[9,9-bis(4’-sulfonatobutyl)fluorene-alt-hetero cyclic ring] (PFF,
PFT and PFSe). These are utilized instead of acidic PEDOT:PSS as a
HTL. We study the effects of the electronic properties at the in-
terface between the anode and the active layer. The interfacial
contact changes the device performance of BH] solar cells based on
PTB7 as the electron donor and PC;;BM as the acceptor. We con-
trol the work function and the surface potential between anode/
HTL and the active layer using different heteroatoms. We de-
monstrate that high-efficiency organic BH]J solar cells with PCEs of
up to 7.2% are successfully achieved when the PEDOT:PSS HTL is
replaced by a PFSe with simultaneous improvement in the short-
circuit current (Jsc) and the fill factor, as well as 19% higher air
stability than PEDOT:PSS during 480 h of exposure to ambient air
at room temperature.

2. Experimental
2.1. Materials

All starting materials were purchased from Sigma Aldrich and
Alfa Aesar and used without further purification. Sodium 4-(2,7-
dibromo-9-(4-sulfonatobutyl)-9H-fluoren-9-yl)butyl sulfite (M1)
was synthesized following procedures modified from the litera-
ture. In both poly({4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b’]
dithiophene-2,6-diyl}{3-fluoro-2-[(2-ethylhexyl)carbonyl]|thieno
[3, 4-b]thiophenediyl}) (PTB7) and 1-(3-methoxycarbonyl)propyl-
1-phenyl-[6,6]-C71 (PC;;BM), 1-material products were acquired
and used. Commercial poly[(9,9-bis(3’-(N,N-dimethylamino)pro-
pyl)-2,7-fluorene)-alt-2,7-(9,9-dioctylfluorene)| (PFN) was utilized
as the ETL for comparison.

2.2. General polymerizations

Monomer M1 (1.28 g, 2.0 mmol) and M2 (or M3 or M4)
(2.0 mmol) were dissolved in 54 mL of DMF. The resulting solution
was deoxygenated using nitrogen for 15 min. Then tris(dibenzyli-
deneacetone)dipalladium(0) (Pddbas) (91.6 mg, 0.1 mmol,
5mol%) and tri-(o-tolyl)phosphine (0.12 g, 0.4 mmol, 20 mol%)
were added to the stirred solution under the protection of N,. The
reaction mixture was then heated up to 100 °C and stirred for 48 h.
The viscous solution was then poured into 300 mL of acetone. The
precipitate was collected via vacuum filtration and washed using
acetone (300 mL x 2). The polymer precipitate was then dissolved
in water and purified via dialysis using 12 kKD molecular-weight-
cut off (MWCO) regenerated cellulose membranes. After dialysis,
the water was removed via the low temperature drying method.
The water-soluble PFF, PFT, and PFSe were obtained as yellow or
orange solids.

2.2.1. Poly[9,9-bis(4'-sulfonatobutyl)fluorene-alt-furan] (PFF)

Yellow solid, 0.60 g (yield =55%). "H NMR (400 MHz, D,0, d): 8
7.78 (m, 2H), 7.58 (m, 2H), 7.32 (m, 2H), 3.53 (t, 2H), 3.45 (t, 2H),
2.83 (m, 2H), 2.50 (m, 2H), 1.64 (m, 6H), 1.56 (m, 2H), 1.38 (m, 2H).
2.2.2. Poly[9,9-bis(4'-sulfonatobutyl)fluorene-alt-thiophene] (PFT)

Yellow solid, 0.65 g (yield=58%). "H NMR (400 MHz, D,0, d): &
7.78 (m, 2H), 7.66 (m, 2H), 7.14 (m, 2H), 3.51 (t, 2H), 3.45 (t, 2H),
2.83 (m, 4H), 2.52 (m, 4H), 1.62 (m, 6H), 1.36 (m, 2H).

2.2.3. Poly[9,9-bis(4’'-sulfonatobutyl)fluorene-alt-selenophene]
(PFSe)

Yellow solid, 0.31 g (yield=25%). "TH NMR (400 MHz, D,0, d): 6
7.62 (m, 4H), 7.46 (m, 2H), 3.52 (t, 2H), 3.44 (t, 2H), 2.82 (m, 2H),
2.50 (m, 4H), 1.99 (m, 4H), 1.37 (m, 4H), 0.54 (m, 2H).

2.3. Measurements

The 'H NMR (400 MHz) spectra were recorded using a Briiker
AMX400 spectrometer in D,0, and the chemical shifts were re-
corded in units of ppm, with TMS as the internal standard. All of
the GPC analyses were carried out using Buffer pH 9+30% MeOH
as the eluent and PEG/PEO as the calibration. The TGA measure-
ments were performed using a TG 209 F3 thermogravimetric
analyzer. The work function values and ultraviolet photoelectron
spectroscopy (UPS) spectra of the PFT, PFtT, and PFbT thin films on
ITO electrodes were obtained using a KP 6500 Digital Kelvin probe
(McAllister Technical Services, Co.) and a UPS analysis chamber
(2 x 1078 Torr) equipped with an AXIS Ultra DLD (KRATOS, Inc.)
hemispherical electron energy analyzer with a He I (hv=21.2 eV)
source. The samples were stored under high vacuum overnight
before the UPS measurements, and a sample bias of —8.86 V was
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used for the UPS to determine the WF of the metal. The WF (¢y,) is
given by ¢y, =hv—W, where hv is the incident UV light, and W is
the measured width of the emitted electrons (W) from the onset of
the secondary electrons to the Fermi edge. The absorption spectra
and transmittance spectra were recorded using an Agilent 8453
UV-visible spectroscopy system. The solutions that were used for
the UV-visible spectroscopy measurements were dissolved in
MeOH. The current density-voltage (J-V) curves of the photo-
voltaic devices were measured using a computer-controlled
Keithley 2400 source measurement unit (SMU) equipped with a
Class A Oriel solar simulator under an illumination of AM 1.5 G
(100 mW cm~2). The incident photon-to-current conversion
(IPCE) was measured to determine the best device performance
using the Mc Science IPCE measurement system with monochro-
matic light, which uses a xenon lamp (Oriel 96000 150 W solar
simulator) to pass light through a monochromator (Oriel Corner-
stone 130 1/8 m monochromator). The spectral response was
normalized by using a standard mono-silicon solar cell before the
IPCE data was taken. Atomic force microscopy (AFM) in tapping
mode and electrostatic force microscopy (EFM) were performed
using an XE-100 instrument under ambient conditions to obtain
topographic images of the HTLs and surface potentials. The surface
energy was measured using a contact angle meter (KRUSS K6).

2.4. Photovoltaic cell fabrication and treatment

All the bulk-heterojunction PV cells with the ITO/HTL/PTB7:
PC7:BM/PFN/AI device architecture were prepared according to the
following fabrication procedure. The glass/indium tin oxide (ITO)
substrates [Sanyo, Japan(10 €2/y)] were sequentially patterned li-
thographically; Following this, they were cleaned using detergent,
ultrasonicated in deionized water, acetone, and isopropyl alcohol,
and dried on a hot plate at 120 °C for 10 min. Then, they were
treated using oxygen plasma for 10 min to improve the contact
angle just before film coating. The PFF (or PFT or PFSe) film was
prepared by using spin-casting MeOH solutions (0.0125 wt%) to
form ~10 nm thick films on precleaned ITO glass substrates at
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3000 rpm during 30 s in air. The films were then baked at 120 °C
for 20 min inside a glove box. For the poly(3,4-ethylene-diox-
ythiophene):poly(styrene-sulfonate) (PEDOT:PSS, Baytron P 4083
Bayer AG) devices, PEDOT:PSS was passed through a 0.45-mm
filter before being deposited onto ITO, at a thickness of ca. 32 nm,
via spin-coating at 4000 rpm in air. These films were also dried at
120 °C for 20 min inside a glove box. A blend of PC7BM and PTB7
[1:1.5 (w/w)] in a chlorobenzene/1,8-diiodooctane (97:3, v/v) so-
lution was stirred overnight, filtered through a 0.2 pm poly(tetra-
fluoroethylene) (PTFE) filter, and then spin-coated (80 nm,
1400 rpm, 30 s) on top of the HTL layer. PFN was subsequently spin
cast from a methanol (with acetic acid, 2 piL mL~") solution with a
concentration of 0.5 mg mL~! in air on top of the active layers. The
device was completed by depositing thin layers of 100-nm thick
aluminum as a cathode at pressures less than 10~° Torr. The active
area of the device was 4 mm?. Finally, the cell was encapsulated
using UV-curing glue (Nagase, Japan).

3. Results and discussion
3.1. Synthesis and characterization of polymers

Scheme 1 shows the preparation of a collection of un-
precedented p-type CPEs. The resultant copolymers, i.e., PFF, PFT
and PFSe, were synthesized via a Stille coupling reaction with M1
and aromatic five-membered heterocyclic compounds (M2~ M4:
furan, thiophene, and selenophene, respectively). These polymers
comprised a conjugated backbone with hydrophilic side chains of
sodium butane sulfonates. Upon dissolving the polymers in water/
alcohol, a solution with a neutral pH was obtained. The polymers
were incorporated as the HTL in polymer:fullerene BHJ solar cells
based on a low band-gap donor material, PTB7 (molecular struc-
ture shown in Fig. 1) and the PC;;BM acceptor, instead of PEDOT:
PSS. The p-type CPEs, using different heterocyclic compounds in
their backbone, underwent dramatic changes in their dipole
strength at the metal anodes/semiconductor interfaces. Extensive

\ s \
~Sn Sn— ~sn Se Sn—
2 WA AN O
M3 M4
*Na'03S SOy Na*
' o PFF
o — 0,
Q O <) Yield = 55%
*Na'05S SOz Na*
' S PFT
(ST viea=ss
+Na-O:gs SO:{Na+

PFSe
Yield =25%

A0 Y

Scheme 1. Synthetic routes of CPE copolymers.
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Fig. 1. Schematic illustration of resonance description of heterocyclic rings and its’ dipole moment (a), proposed CPEs configurations with varying heterocyclic rings on
energy diagram of PSC and their plausible dipole formation (b); sky blue: fluorine, dark blue: heterocyclic ring - n-conjugated backbone, red and yellow: alkyl side chain
bearing a sulfonate functional group and sodium ion, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version

of this article.)

research has shown that the use of different heterocyclic rings in
polymers changes their stability and dipole moment. The aromatic
unsaturated compounds, i.e., furan, thiophene and selenophene,
have a heteroatom with at least one pair of non-bonding electrons
[29,30]. These may combine with the four m-electrons of the
double bonds to produce an annulene having an aromatic sextet of
electrons. This is illustrated by the resonance description in Fig. 1
(a). The heteroatom (X) becomes sp2-hybridized and develops a
positive charge because its electron pair is delocalized around the
ring. This delocalization produces a difference in dipole moment
compared with the analogous saturated heterocycles, which all
have strong dipoles with the heteroatom at the negative end. If
atoms of different elements change o values (Slater’s exchange
parameter), the extra dimension will not only influence the
binding characteristics of molecules but also influence the dis-
tribution of electrons within the molecules, which has the largest
influence on dipole moments [31]. From O to Se, the atomic radius
(60— 115 pm) of X increases and the electronegativity (3.44—
2.55) decreases; however, the dipole moments of the heterocyclic
rings, i.e., furan, thiophene and selenophene, still improved be-
cause the increase in the atomic radius is larger than the decrease
in the electronegativity. Thus, dipole moments of p-type CPEs with
heterocyclic rings were expected to increase sequentially (i.e.,
furan, thiophene and selenophene). Because the stronger dipole
moment of CPE makes the vacuum level and the WF of ITO more

Table 1
Physical and thermal properties of polymers.

Polymer Yield [%] Mn® [Da] Mw® [Da] PDI* T4 [°C] UV-vis absorp-
tion in MeOH

solution Amax

[nm]
PFF 55 6717 15,248 227 442 336
PFT 58 5045 10,980 218 438 418
PFSe 25 4383 10,170 232 429 420

2 Determined by GPC in Buffer pH 9+30% MeOH using PEG/PEO to calibrate.

downshifted, the energy level diagram of materials in PSC devices
can be illustrated as in Fig. 1(b).

The structures of the copolymers were confirmed via 'H NMR
spectroscopy, as shown in Fig. S1 (Supporting information). The 'H
NMR spectra of the three materials showed similar features be-
cause of the similar polymer backbones. PFF, PFT, and PFSe ex-
hibited excellent solubility in common organic solvents, such as
ethanol, methanol, 2-methoxyethanol, DMF, and DMSO. Table 1
summarizes the polymerization results and thermal properties of
the copolymers. The weight-average molecular weights (Mw) and
polydispersity indexes (PDI) of the copolymers were
Mw=15,248 Da with PDI=2.27 for PFF, Mw=10,980 Da with PDI
=218 for PFI, and Mw=10,170 Da with PDI=2.32 for PFSe,
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determined by using gel-permeation chromatography (GPC) using
PEG/PEO as the calibration standard, with pH 9 buffer +30%
MeOH as the eluent.

The thermal stabilities of the obtained polymers were eval-
uated using thermogravimetric analysis (TGA); the resulting pro-
files are presented in Fig. S2. The TGA profiles of all the polymers
revealed that 5% of the thermal weight loss in the N, environment
occurred at a temperature of 429 °C or higher. Thus, all of the
synthesized polymers exhibited superior thermal stability, in-
dicative of suitability for device fabrication and application.

3.2. Ultraviolet photoelectron spectroscopy (UPS) analysis

We performed a UPS analysis to investigate the effective WF
changes in p-type CPE-covered ITO electrodes when dipole mo-
ments of polymers increased. Fig. 2(a) shows UPS spectra of the
PFF, PFT, and PFSe layers coated on ITO. UPS spectrum of PEDOT:
PSS coated on ITO was also obtained for comparison with the CPEs.

We attained WF values of 4.75, 4.95, and 5.15 eV for PFF, PFT
and PFSe, respectively. Specifically, PFSe had a WF 0.15 eV lower
than that of PEDOT:PSS (5.0 eV). This value was determined using
the equation WF=hv —(Ecytoff— Er), where hv=21.2 eV (the in-
cident photon energy for Hel), Ecycofr iS at the higher binding
energy side (left), and Eg is at the lower binding energy side (right)
[32]. Ecut-ofr corresponds to the vacuum level of the film, which
depends on the dipole moment at the interface near the anode.
The spontaneous orientation from the ionic group of CPE and its
corresponding counter ion forms permanent dipoles at the ITO/
active layer interface, and the formation of interfacial dipoles
could down-shift the WF of ITO [21]. Based on the UPS result, the
energy diagram for BHJ solar cells with the CPEs as the HTL is
sketched in Fig. 2(b). By coating CPEs with heterocyclic rings
having sequentially stronger dipole moments (i.e., furan— thio-
phene — selenophene), the secondary cut-off of the CPE-covered
ITO electrodes in the range of 17.1-16.7 eV was successively shifted
to lower binding energies. This indicates a decrease in the effective
WEF of the ITO/CPE electrodes. The WF of PFT- and PFSe-coated ITO
assures Ohmic contact and satisfactory matching of the energy
levels with the HOMO level of the donor material. The surface
dipole moments pointing outwards from ITO can reduce the WF of
ITO through a downshift to the vacuum level of the active layer.

Thus, the energy barrier between the ITO anode and active layer
decreases with decreasing work function at the ITO/CPE electrode.
This phenomenon facilitates hole extraction from the donor to the
ITO side. Conversely, the PFF-coated ITO showed higher WF than
pristine ITO; therefore, it worked as an energy barrier between the
ITO anode and active layer and interrupted hole transport. For this
reason, we predicted that a device using PFF as the HTL will have
low Voc and ]sc.

We attribute the gradual decrease in the WF of the synthetic
polymer-covered ITO electrodes to the control provided by the
different atomic radii of the heteroatoms and thus the dipole
moments of the polymers. Facile p-type CPEs that use heterocyclic
rings are generated, with the positive pole of the interfacial dipole
pointing toward the organic layer and the negative pole toward
the ITO, inducing dramatic changes in dipole strength at the an-
odes/semiconductor interfaces. CPEs composed of m-conjugated
backbones with ionic functional groups can reduce the hole-in-
jection barrier between metal anodes and organic active layers in
thin-film-based electronic devices. This is essential for those de-
vices that require energy-level-matching at the interface to
achieve high performance. This unique property, referred to as WF
tunability, results from the formation of an aligned interfacial di-
pole assembly at the metal/organic semiconductor interface,
which modifies the energy-level alignment and improves charge
injection [15].

We anticipate that the decreased WFs of the synthetic polymer-
covered metal electrodes should allow for efficient collection of
the hole carriers when used as anodes in organic solar cells.

3.3. Optical properties

Fig. 3(a) shows the UV-vis absorption spectra of the PFF, PFT
and PFSe solutions in methanol. As shown in Table 1, the max
absorption bands (Amax) of PFF, PFT and PFSe at 336, 418 and
420 nm correspond to the m—x* transition from the top of the
valence band to the bottom of the conduction band [33]. Com-
pared with the absorption spectra of PFF, the absorption spectra of
PFT and PFSe are red-shifted by 82 and 84 nm in the solution,
respectively. These extensions in the absorption region are attri-
butable to a reduction in the band gap due to the increased elec-
tron accepting ability from O to Se. This is because the large
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Fig. 2. UPS spectra of the PEDOT:PSS and CPEs (PFF, PFT and PFSe) coated on top of ITO electrodes (a). Interfacial energy diagram of ITO/CPE/PTB7 (b).
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Fig. 3. UV-vis absorption spectra of polymers (PFF, PFT and PFSe) in solution
(a) and Comparison of transmittance between PEDOT:PSS and polymers on the ITO
substrate (b).

heterocyclic atom provides easier delocalization of the electron
clouds along the m-conjugated polymer chains, leading to stronger
transition of the conjugated polymer main chain. In other words,
the red-shift in UV-vis absorption caused by different heterocyclic
atoms is attributed mainly to the lower ionization potential of the
larger atom, which leads to a shallow HOMO level and a smaller
band gap [34]. The absorption spectra of PFF, PFT and PFSe also
indicated that these polymers can absorb only in a narrow optical-
wavelength range of the solar spectrum and were suitable HTLs
because these polymers can transfer most of the solar flux to the
active layer for energy harvesting.

The transmittance spectra of PEDOT:PSS and CPE (PFF, PFT, and
PFSe) films spin-coated on ITO substrates are shown in Fig. 3(b).
Bare ITO is also included for comparison. Compared with PEDOT:
PSS, the films with CPEs showed lower transmittance in the range
of 379-500 nm because of their larger bandgap (over 2.4eV).
However, the PFF, PFT, and PFSe films exhibited slightly higher
optical densities than PEDOT:PSS in the range of 500-1000 nm
because of the low and narrow absorption of CPEs [35]. Regardless
of substrates, these CPE films, with a thickness of ~10 nm, ex-
hibited narrow and small light absorption in the visible wave-
length region. Therefore, the current density of PSCs using PFF, PFT,
and PFSe as a HTL will be higher than that of PEDOT:PSS cells due
to the increase of the photon flux of the solar spectrum in the
near-IR region.

3.4. Morphological analysis

In conventional solar cells, the surface properties of HTLs de-
posited on top of the ITO anode can significantly affect the mor-
phology of the active layer, further dictating the light harvesting,
exciton dissociation, charge transport and charge collection in
organic BHJ solar cells. Investigating the influence of CPEs (PFF,
PFT, PFSe) and PEDOT:PSS surface coverage and morphology on
PSCs is crucial for determining the resultant performance. To
compare the morphology of PEDOT:PSS and CPEs on ITO, AFM was
utilized; Fig. 4 presents the topography images. The topographic
images of PEDOT:PSS and CPEs surfaces displayed uniform films.
Although both PEDOT:PSS and CPEs layers provided uniform films
with nanoscale features, we observed an increase in surface
roughness of CPEs, with a RMS of 2.67-3.34 nm, compared with
the RMS of PEDOT:PSS (1.56 nm). The improved crystallinity and
surface roughness of CPEs provides a strong inter-contact at the
interface with the PTB7:PC;;BM active layer.

The difference in surface potential between the PTB7:PC;;BM
and HTL films on the ITO was measured via EFM to identify the
effective hole extraction properties between the active layer and
HTL. The samples were prepared by drop casting a small amount
of PTB7:PC;BM blend solution onto the HTL films and then letting
it spread slowly while drying to form the interface [36]. The to-
pographic and corresponding surface potential images of
polymer:PC;1BM-HTL are shown in Fig. 5. At the interface of the
two layers, the difference in surface potential (ASP) of the two
distinct parts changed from 59.48 mV to 5.52 mV depending of the
type of HTLs. PFF had the largest ASP (59.48 mV), while PFSe
showed the smallest ASP (5.52 mV). This implies that the small
potential difference between the active layer and the HTL in the
PSC using PFSe as the HTL, facilitated the hole extraction and also
increased the probability of dissociation of excitons into free
charge carriers, resulting in the improved Voc and Jsc.

3.5. Photovoltaic properties

To verify the merits of CPEs in devices, we fabricated BHJ solar
cells using a simple architecture consisting of ITO/HTL (PFF or PFT
or PFSe or PEDOT:PSS)/PTB7:PC71BM/PEN/AL. The active materials
used a solution comprising a blend of PTB7 as a donor and PC;;BM
as an acceptor (1:1.5 by weight) in a chlorobenzene/1,8-diio-
dooctane solvent mixture (97:3 by volume). PEDOT:PSS, widely
used in solar cells as a HTL, was used to compare the performances
of CPEs. The optimal thickness of CPEs as a HTL is found to be
approximately 10 nm for 0.0125-0.5 wt% solutions.

Fig. 6(a) presents current density-voltage (J-V) characteristics
under AM 1.5 G irradiation (100 mWcm~2) of the best PSC per-
formances using PFF or PFT or PFSe or PEDOT:PSS as the HTL.
Detailed device parameters are summarized in Table 2. Devices
with PEDOT:PSS exhibited a PCE of 6.9%, with a short-circuit cur-
rent density (Jsc) of 13.8 mAcm ™2, an open-circuit voltage (Voc) of
0.697 V and a fill factor (FF) of 65.7%. In the case of PFF, the PCE
was 3.6%, with Jsc of 13.2 mAcm?, Voc of 0.52 V and FF of 49.2%. In
the case of PFT, the PCE was 6.5%, with Jsc of 14.3 mAcm 2, Voc of
0.64V and FF of 66.1%. Replacing PEDOT:PSS with PFF and PFT
decreased the PCE because of a drop in the Voc. The decrease in
Voc can be ascribed to high WF and ASP for PFF and PFT (4.75,
4.95 eV and 59.48, 21.28 mV, respectively) when compared to that
of PEDOT:PSS (5.0 eV, 20.06 mV). PCE was especially lower in the
case of PFF, which also had low Voc and FF due to its limited so-
lubility. However, replacing PEDOT:PSS with PFSe led to a sig-
nificant enhancement in device efficiency. The device with PFSe
yielded a PCE of 7.2%, with Jsc of 14.4 mAcm 2, Voc of 0.677 V and
FF of 69.0%. A simultaneous enhancement of Jsc and FF was ob-
served in the solar cell that used PFSe as a HTL. This enhancement
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Fig. 4. AFM surface topographic images (size: 3 pm x 3 pm) of PEDOT:PSS (a), CPE layers (b)-(d).

is attributable to the deep WF of the PFSe-covered ITO electrodes,
which leads to larger differences in the WF between the ITO/PFSe
anode and PFN/AI cathode. This effect induces a larger internal
field within the device, leading to efficient sweep-out of photo-
generated charge carriers. By increasing the atomic radius of CPE's
main chain, dipole moments of the CPE also grow stronger, and
the hole extraction and probability of dissociation of excitons also
increase due to low ASP. ASP between the PFSe and active layer is
smallest. This finding also indicates that the energy level closely
matched that of PTB7. For these reasons, Jsc increased when HTL
was changed from PFF to PFSe.

The evolution mentioned above is also reflected in the change
of dark curves of the devices (Fig. 6(b)). The device with PFF had
high leakage current density in reverse bias and low current
density in forward bias, implying poor diode properties. Thus, the
solar cell with PFF as a HTL showed lowest Voc and Jsc. The device
fabricated with PFT and PFSe showed similar current density in
forward bias compared to that of the device made with PEDOT:
PSS, but the leakage current was a little lower. Especially, the

device with HTL fabricated from PFT had high leakage current and
high series resistance compared to that of the device made with
PFSe. So Jsc of the device with PFT was lower than PFSe [37].

Fig. 6(c) shows the incident photon conversion efficiency (IPCE)
spectra. The EQE spectra of the same devices seemed like the
transmittance spectra of the PFF, PFT, PFSe and PEDOT:PSS thin
films. Interestingly, the shape of the EQE curve for the device with
synthetic polymer HTLs differed from that of the device with
PEDOT:PSS. An increase of IPCE at wavelengths in the ranges of
300-480 nm and 550-730 nm was observed for PFF, PFT and PFSe
devices in comparison to the PEDOT:PSS control device. This led to
a larger Jsc increase from 13.8 mA cm~2 to 14.4 mA cm 2 under
integration. The maximum IPCE in PFSe HTL devices was over
70.8%, indicative of efficient photon-to-electron conversion.

Interestingly, the PCE (n=7.2%) of the PFSe solar cell was higher
than that of the device constructed with the widely used PEDOT:
PSS HTL (n=6.9%). In Fig. 6(d), we show 480 h of air stability
under room temperatures with the PFSe (31.5% decrease) as the
HTL. This air stability exhibited an improvement over that with
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Table 2

Photovoltaic properties of the BH] solar cells using PFF, PFT, PFSe and PEDOT:PSS as HTLs.

HTL Concentration [wt%] Jsc [mAcm 2] Voc [V] FF [%] PCE [%] Rs [Qcm?]
PFF 0.0125 13.2 0.515 49.2 3.6 12.61
PFT 0.01 143 0.636 66.1 6.5 6.29
PFSe 0.0125 144 0.677 69.0 7.2 5.41
PEDOT:PSS - 13.8 0.697 65.7 6.9 6.80

PEDOT:PSS (50.7% decrease) because of the neutral nature of the
synthetic polymer HTLs compared with acidic PEDOT:PSS. The
PEDOT:PSS thin film is known to cause device degradation in BHJ
solar cells due to its acidic nature [38]; thus, we attribute the
extended lifetime of the PFSe solar cell to the neutral pH (6.7-7.0)
of the PFSe solution. Notably, we observed improved device life-
times when using PFSe, which indicates that PFSe can be a pro-
mising alternative to PEDOT:PSS as the effective HTL for a PSC.

4. Conclusions

In this study, conductive conjugated polyelectrolytes, i.e., CPEs
(PFF, PFT and PFSe), have been successfully incorporated in organic
BH]J solar cells as HTLs through solution processing, yielding PCE
values of up to 7.2%. PFSe HTL is demonstrated, via a general

application in polymer BH] systems, with the advantage of a strong
dipole moment at the interface between the ITO electrode and
active layer. Compared with PFF and PFT HTL, an increase in a
dipole moment leads to an increase in Jsc and decrease in ASP.
These results illustrate a novel application of water/alcohol soluble
CPEs serving as efficient HTLs for organic BH] solar cells, which
contrasts with the conventionally used HTLs. The device with PFSe
as a HTL yielded the best performance (7.2%), with Jsc of
14.4 mAcm 2, Voc of 0.677 V and FF of 69.0 %. This device also
exhibits an improvement of air stability under room temperature
due to the neutral nature.
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