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Elucidating the Role of Conjugated Polyelectrolyte
Interlayers for High-Efficiency Organic Photovoltaics

Kyung-Geun Lim,”’ Sung Min Park,” Han Young Woo,*®" and Tae-Woo Lee*™

Despite the promising function of conjugated polyelectrolytes
(CPEs) as an interfacial layer in organic photovoltaics (OPVs),
the underlying mechanism of dipole orientation and the elec-
trical characteristics of CPE interlayers remain unclear. Current-
ly, the ionic functionality of CPEs (i.e., whether they are cation-
ic or anionic) is believed to determine the interfacial dipole
alignment and the resulting electron or hole extraction proper-
ties at the interface between an organic photoactive layer and
a metal electrode. In this research, we find that in contrast to
this common belief, the photovoltaic efficiency can be im-
proved significantly by both cationic and anionic CPE layers re-
gardless of the ion functionality of the CPE. This improvement
occurs because the interfacial dipoles of cationic and anionic
CPEs are realigned in the identical direction despite the differ-
ent ionic functionality. The net dipole is determined not by the
intrinsic molecular dipole of the CPE but by the ionic redistri-

Introduction

In organic photovoltaics (OPVs) charge extraction is critically
sensitive to interfacial contact between an organic photoactive
layer and the metal electrodes and can be adjusted by the in-
sertion of various kinds of interfacial layers."” Conjugated poly-
electrolytes (CPEs) are promising interfacial layer materials for
OPVs because of advantages such as solution processability
with polar solvents and energy level adjustment ability.??" As
a result of the ionic nature of CPEs, they are soluble in polar
solvents (e.g., water, alcohol) and can be deposited under-
neath (or on top of) the active layer as an interfacial layer of
single-junction OPVs or an interconnection layer of series-con-
nected tandem OPVs."?

Although the CPE interlayer deposited underneath the metal
electrode modifies the work function (WF) of the electrode
and reduces the interfacial energy barrier in organic electronic
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bution in the CPE layer and the resulting interfacial dipole at
the intimate contact with adjacent layers. We also demonstrat-
ed that the energy level alignment and performance parame-
ters of OPVs can be controlled systematically by the electrically
poled CPE layers with the oriented interfacial dipoles; the dis-
tribution of positive and negative ions in the CPE layer was ad-
justed by applying an appropriate external electric field, and
the energy alignment was reversible by changing the electric
field direction. The anionic and cationic CPEs (PSBFP-Na and
PAHFP-Br) based on the same m-conjugated backbone of fluo-
rene-phenylene were each used as the electron extraction
layer on a photoactive layer. Both anionic and cationic CPE in-
terlayers improved the energy level alignment at the interface
between the photoactive layer and the electrode and the re-
sulting performance parameters, which thereby increased the
power conversion efficiency to 8.3 %.

devices,®™ the manner in which CPE generates a dipole
moment at the interfaces is not yet fully understood. Although
several methods use cationic CPE layers to improve the elec-
tron extraction in OPVs,”2Y [ittle attention has been paid to
anionic CPEs for the electron extraction interlayer. Cationic
CPEs, such as poly{9-[N,N-di(2"-hydroxyethyl)-6"-aminohexyl]-
2,7-carbazole}-alt-{2-hexyloxy-5-[N,N-di(2"-hydroxyethyl)-6"-ami-
nohexyloxyl-1,4-phenylene} (PCP-NOH),”? poly{9,9-bis[3'-(N,N-di-
methylamino)propyl]-2,7-fluorene}-alt-2,7-(9,9-dioctylfluorene)
(PFN),B® poly(fluorene-co-phenylene) (PFP),l"? poly{9,9-bis[6'-
(N,N,N-trimethylammonium)hexyllfluorene}-bromide ~ (WPFN),
poly{9,9-bis6[-(N,N,N-trimethylammonium)hexyl]-2,7-fluorene}-
alt-{9,9-bis[2-(2-methoxyethoxy)ethyl]-fluorene} dibromide
(WPF-oxy-F),"*"  poly{9,9-bis[6'-(N,N,N-trimethylammonium)-
hexyllfluorene-alt-co-1,4-phenylene}bromide (FPQ-Br),l'*'? HT-
poly[3-(60-N,N,N-trimethylammonium)-hexyl thiophene]
(P3HTN),2” poly[3-(6-trimethylammoniumhexyl)thiophene]
(P3TMAHT),?" and PTNBr,”*? have been used as electron extrac-
tion layers in OPVs.

The vacuum energy level (E,,) at the metal-semiconductor
interface could be rearranged depending on the direction of
the dipole moment at interfaces that include a CPE layer. It is
believed that the dipole moment generated by cationic CPEs
reduces the energy offset between the LUMO level of a photo-
active semiconductor and the WF of the cathode, whereas
anionic CPEs increase the energy offset at the electron extrac-
tion contact because the interfacial dipole moments are in op-
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posite directions.'® PFN was used as an electron extraction
layer underneath the active layer in an inverted OPV device to
reduce the effective WF of indium tin oxide (ITO)® and it can
be used on top of the active layer to improve electron extrac-
tion in a normal OPV device by forming an interface dipole.””
However, a clear explanation of the mechanism and correlation
between the device characteristics with the measured dipole
moment of the CPE interlayer™ has not been given.

In this study, we applied alcohol-/water-soluble CPEs with
the opposite ionic functionality (i.e., cationic vs. anionic) as
a cathode interlayer in bulk heterojunction OPV cells and dem-
onstrated the improved photovoltaic efficiency with anionic
and cationic CPE layers. We also demonstrated that the distri-
bution of ionic groups and the resulting direction of the inter-
facial dipole moment at the interfaces, which include ultrathin
CPE layers, can be controlled reversibly by an external electric
field despite the different kinds of ionic functionality in the
CPEs. We synthesized two anionic and cationic CPEs based on
the same polymeric backbone, poly[9,9"-bis(4-sulfonatobutyl)-
fluorene-alt-1,4-phenylene] disodium salt (PSBFP-Na) and
poly[9,9-bis(6”-N,N,N-trimethylammoniumhexyl]fluorene-alt-
1,4-phenylene) dibromide (PAHFP-Br). If we used the CPEs as
an electron extraction layer on top of the photoactive layer,
both the cationic and anionic CPE layers improved the energy
level alignment at the interfacial contact with the electrode,
which thereby resulted in an increased power conversion effi-
ciency (PCE). This observation contradicts the predictions of
the current model. In addition, further improvement in the PCE
was achieved by applying external bias (so-called electric
poling) to devices; this bias causes dipole reorientation in the
ultrathin CPE interlayer to minimize the interfacial energy
offset. In previous reports, the distribution of ionic groups in
the CPE thin films in OPVs was estimated roughly from infor-
mation about the dipole moment determined by the E,.
shift" or surface potential.*?? Here, we studied the mecha-
nism for the generation and orientation of dipole moments at
interfaces, which includes CPE layers. Despite the different
ionic functionality and the intrinsic molecular dipole of the
CPEs, we find that the interfacial dipole moment generated by
anionic CPEs is nearly identical to that of cationic CPEs if the
CPEs are deposited on top of the photoactive layer and the
corresponding devices are poled electrically. Furthermore, to
elucidate the mechanism by which ionic groups are redistribut-
ed and thereby dipoles are generated and reorientated, we
used electric poling to investigate the correlation between the
interfacial dipole moment and the controlled distribution of
ionic groups in the CPE layer. Finally, we achieved a high PCE
of 83% for a poly({4,8-bis[(2-ethylhexyl)oxylbenzol[1,2-b:4,5-
b'ldithiophene-2,6-diyl}{3-fluoro-2-[(2-ethylhexyl)carbonyl]
thieno[3,4-b]thiophenediyl})  (PTB7):[6,6]-phenyl  C70-butyric
acid methyl ester (PC,,BM) OPV device with either an anionic
or a cationic CPE interlayer as the electron extraction layer.

Results and Discussion

We synthesized anionic and cationic CPEs PSBFP-Na and
PAHFP-Br by modification of procedures reported previous-
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Figure 1. Molecular structures of the anionic (PSBFP-Na) and cationic
(PAHFP-Br) CPEs.

ly.'”'8 Anionic PSBFP-Na has sulfonate moieties in its side
chains, and cationic PAHFP-Br contains quaternized ammonium
groups (Figure 1). We investigated the photovoltaic character-
istics of poly[N-9“-heptadecanyl-2,7-carbazole-alt-5,5-(4',7'-di-2-
thienyl-2',1’,3'-benzothiadiazole) (PCDTBT)**?® and PC,,BM
OPVs with a normal device architecture of ITO/PEDOT:PSS/
PCDTBT:PC,,BM/CPE interlayer/Al. To explore the impact of the
CPE interlayers on the device characteristics, either PAHFP-Na
or PSBFP-Br was spin-coated on top of the photoactive layer as
the electron extraction layer. In contrast to conventional be-
liefs, both the cationic and anionic CPE layers capped with Al
improved the performance parameters of OPVs compared with
the Al and Ca/Al cathode without the CPE layers (Table 1). The

Table 1. Device characteristics of PCDTBT:PC70BM OPVs with CPE inter-
layers. An external potential of 3V was applied for 30 s for the electric
poling process.

Cathode interlayer Voo Joe FF PCE Resistance [Qcm?]
[V] [mA am 2] [%] [%] Rshunt Rseﬂes

no interlayer (Al only) 0.813 11.8 519 5 366 16.4

Ca 0.868 12.2 583 6.2 460.8 10.5

PSBFP-Na 0.894 12.1 63 6.8 4932 79

PAHFP-Br 0915 12 615 6.8 4986 7

device with the anionic PAHFP-Na interlayer had a fill factor
(FF) of 60.3%, an open-circuit voltage (V,) of 0.912V, a short-
circuit current density (J,) of 11.7 mAcm™2, and a PCE of 6.6%.
The device with the cationic PSBFP-Br interlayer had FF=58%,
V,.=0.905V, J, =123 mAcm 2 and PCE=6.5%, which shows
substantial improvements in the device characteristics com-
pared to that without a CPE (FF=51.9%, V,.=0.813V, J, =
11.8 mAcm™2, PCE=5.0%).

One proposed mechanism of WF modification in dipolar ma-
terials that include CPEs deposited on semiconductor or con-
ductor substrate is that image charge attraction may cause an
interfacial dipole to form between a dipole interlayer and
a substrate.””” In this mechanism, the image charges form the
interfacial dipole; its magnitude and direction are determined
by the differences in geometrical size and movability of the
positive and negative parts. However, our PCDTBT:PC,,BM
device with the CPE interlayer showed a significantly improved
PCE, irrespective of the ion polarity of PSBFP-Na and PAHFP-Br,
if a metal electrode (Al) was deposited on the CPE layer. The
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conventional models with regard to the mechanisms of dipole
alignment (or spontaneous polarization) formation at the inter-
face that include ultrathin CPE layers include hydrophilic and
hydrophobic interactions at the interface and image charge at-
traction, which depends on the difference in the geometric
size and movability of polar constituents in the CPE interlay-
er.2%27 The identical effects of PAHFP-Na and PSBFP-Br inter-
layers as an electron extraction layer imply that these conven-
tional models do not fully explain the mechanism by which
the interfacial dipoles are generated and oriented.

On measuring the current-voltage (J-V) characteristics of
the devices, we noticed that the device characteristics in-
creased continuously as the number of voltage sweeps in-
creased. On the basis of this interesting observation, we ap-
plied the external electric field to the device that included the
CPE interlayer to a DC power supply, so-called electric poling.
The J-V characteristics of the PCDTBT:PC,,BM device that in-
cludes the CPE interlayer were obtained under the irradiation
of air mass (AM)-1.5 global simulated sunlight at an intensity
of 100 mWcm? (Figure 2). The PCDTBT:PC,,BM device with
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Figure 2. a) J-V curve of the electrically poled PCDTBT:PC,,BM device with
CPE interlayers at 100 mWcm 2 b) logJ vs. V under illumination (filled sym-
bols) and in the dark (open symbols).

electrically poled CPE interlayers showed substantially higher
V.. and FF values than the device without the CPE interlayer.
Therefore, the resulting PCE was improved to 6.8% after elec-
tric poling at 3 V for 30 s irrespective of the ionic groups of the
CPEs (Table 1). The V,. of the ITO/PEDOT:PSS/PCDTBT:PC,,BM/
CPE/Al device is higher than that of the device without an in-
terlayer or PCDTBT:PC,,BM/Ca/Al because the dipole moment
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of the CPEs induced a shift of the E,,. at the electrode interface
and increased the built-in potential in the device (Figure 2a).
The dark current of the PCDTBT:PC,,BM/CPE/Al devices was in-
creased greatly compared with that of the PCDTBT:PC,,BM/Al
devices; this difference implies that CPE/Al makes a better
electron injection contact than Al alone. In addition, the rectifi-
cation ratio (forward-biased current/reverse-biased current) at
+2.0V in the dark J-V characteristic curve was ~10° for the
device with 3 nm thick CPEs but ~10? for the device without
the interlayer and with 3 nm thick Ca (Figure 2b).

Furthermore, we investigated the photovoltaic characteris-
tics of ITO/PEDOT:PSS/PCDTBT:PC,,BM/PSBFP-Na/Al devices as
a function of the poling electric field strength and poling time
(Figure 3). The PCE and FF of the device increased gradually
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Figure 3. PCE and FF of the PCDTBT:PC,,BM device with PSBFP-Na interlayer
as a function of the applied poling potential and poling time.

with increasing poling time (5-40 s) and the poling potential
(3-5V, converted to 0.38-0.63 Vum~' for a PCDTBT:PC,,BM/
PSBFP-Na thickness of 83 nm). If we applied a reverse bias of
—3V to the device, the FF decreased drastically to an even
lower value than that before poling. However, the FF recov-
ered immediately if a positive bias was applied subsequently.
Interestingly, the interfacial dipoles with the CPE interlayer
were poled reversibly, which depended on the direction of the
applied voltage.

We investigated the WF and the dipole moment of the ITO/
PCDTBT:PC,,BM/CPE surface using Kelvin probe (KP) measure-
ments. The WF of PSBFP-Br and PAHFP-Br interlayers on top of
PCDTBT:PC,,BM were 4.63 and 4.87 eV, which were, respective-
ly, 0.15eV lower and 0.07 eV higher than that of ITO/
PCDTBT:PC,,BM (Table 2). The PSBFP-Br and the PAHFP-Na

Table 2. KP measurement of the PCDTBT:PC70BM surface with a CPE in-
terlayer. The WF of PCDTBT:PC,,BM/CPE was shifted oppositely depend-
ing on the CPE molecules. After positive electric poling, the WF value of
both films was increased.

Interlayer on ITO/PCDTBT:PC,,BM WF [eV]

before poling after poling

(+5V 605)
ITO/PCDTBT:PC,,BM (no interlayer) 4.78 4.76
ITO/PCDTBT:PC,,BM/PSBFP-Na 4.85 4.98
ITO/PCDTBT:PC,,BM/PAHFP-Br 4.63 4.90
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layers showed the opposite dipole alignment on the
PCDTBT:PC,,BM layer because the most mobile counterions
(Na* or Br in the CPE structures) tend to be located at the
top near the air because of their intimate interaction with the
surrounding polar solvent during the formation of the CPE thin
film.

To investigate the distribution of ionic groups with the re-
sulting dipole alignment after electric poling, we applied the
forward bias through the metal foil electrode attached on the
ITO/PCDTBT:PC,,BM/CPE surface and used the KP technique to
measure the WF of the surface after detaching the foil elec-
trode. The WF of both cationic and anionic CPE deposited
films increased after the positive poling of 5V for 60s
(Table 2). Schematics of the dipole moment formation at the
interface of PCDTBT:PC,,BM/CPE explain the mechanism by
which the direction of the dipole moment formed at the inter-
faces that include the PAHFP-Br layers was converted into an
opposite direction that points toward PCDTBT:PC,,BM layer by
electric poling (Figure S1). Compared to the untreated ITO/
PCDTBT:PC,,BM film, the WF of the PAHFP-Br surface on the
photoactive blend film (ITO/PCDTBT:PC,,BM/PAHFP-Br) was
0.15 eV lower before positive poling but 0.14 eV higher after
positive poling. Both cationic and anionic CPE thin layers gen-
erate a surface dipole moment in the same direction at the in-
terfaces even if PSBFP-Br has counterions charged oppositely
to PAHFP-Na, in which the counterions are redistributed and
orientated by the external electric field during electric poling.
An energy level diagram of the PCDTBT:PC,,BM solar cell using
the CPE interlayer is summarized in Figure S2. In previous re-
ports, ion redistribution models have been proposed to ex-
plain the possible mechanisms with regard to the change of
dipole moment at the interface that includes CPE layers.”?®%

The schematic ionic distribution and energy level diagram of
the PAHFP-Br interlayer atop a photoactive layer are illustrated
in Figure 4. The Br~ counterions of PAHFP-Br are located near
the surface of the metal electrode and the polymer backbone
that contains quaternary ammonium side chains is located
close to the photoactive layer in the as-cast PAHFP-Br film (Fig-

LUMO
(PC;,BM)

-—
Hwp Mo

—) -

Net dipole Net dipole

As cast After positive electric poling

Figure 4. Schematic energy level diagrams of the PAHFP-Br interlayer on the
photoactive layer surface. a) The introduction of PAHFP-Br interlayer results
in vacuum level E,,. shift caused by the interfacial dipole u, pointing toward
the Al layer. b) After positive electric poling, the bromide counterions were
redistributed and y,, points towards the active layer to decrease electron in-
jection barrier (¢.). Net dipoles are determined not by the intrinsic molecular
dipole pyp of CPEs but by the u, at the intimate contact interface.
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ure 4a). Therefore, the interfacial dipole moment (4,) points
toward the metal surface before electrical poling. However, the
Br~ ions and side chains that contain quaternary ammonium
are forced to relocate under a positive electric field, so the u
is altered to point toward the active layer (Figure 4b). As
a result of the electrostatic force during positive electric
poling, the anions (Br~ or —SO;") can be redistributed toward
the active layer surface and the cations (Na™ or —N(CH,);*) can
be redistributed toward the metal surface. The up values are
determined primarily by the interfacial polarization that origi-
nates from the direct intimate contact of CPE with the metal
or organic photoactive layer and not by the intrinsic molecular
dipoles (uyp) of the bulk CPE layer. Similar results have been re-
ported earlier that seem to contradict the predicted u, align-
ment of the self-assembled monolayer (SAM).2? If the dipolar
molecules are directly in contact with the electrode, the
metal-molecule contact at the interface makes the interfacial
polarization possible. Therefore, the Schottky barrier at ZnO/
SAM-X/Al (X=electron-donating group) decreased by the net
dipole, which is identical to u,,, whereas the u,, of the SAM
layer formed in the opposite direction to up. In our
PCDTBT:PC,,BM/CPE/Al, the cationic —N(CH,);* groups of
PAHFP-Br are redistributed and located at the side of the Al
surface after the positive electric poling, therefore, the E,,. shift
is changed to the opposite direction to that before electric
poling. The reason that the PCEs of the OPV devices with
PSBFP-Br and PAHFP-Na interlayers were improved significantly
irrespective of the ion functionality even before electric poling
(compared with the PCE of the device without interlayers) is
probably the simultaneous electric poling that occurred during
J-V scans of the devices. However, this dipole reorientation
was not completed during J-V measurement, so additional ex-
ternal electric poling can enhance the PCEs further.

If a metal electrode was not placed on top of the CPE layers,
the distribution of the ionic groups in the CPE layer can be es-
timated roughly by analysis of the energy levels, such as the
E,. shift"*'® or surface potential change,”?? by UV photoelec-
tron spectroscopy and KP measurements. However, if the CPE
layer is sandwiched between an organic photoactive layer and
a metal film, the distribution of ionic moieties in the CPE film
can be controlled systematically by applying the external elec-
tric field. Therefore, it is clear that the dipole moment and re-
sulting WF changes at interfaces that include the CPE polar
molecules come from the interfacial polarization that origi-
nates from the direct intimate contact of CPE with the metal
or semiconducting photoactive layer. In addition, we compared
the dipole moment change of CPEs on the hydrophobic pho-
toactive layer with that on the hydrophilic ITO surface
(Table S1). CPE layers (3 nm thick) were spin cast from isopro-
pyl alcohol (IPA)/water and water solution for PSBFP-Na and
PAHFP-Br, respectively. The effective WF of ITO/PAHFP-Na and
ITO/PSBFP-Br were 0.13 eV higher and 0.17 eV lower than ITO
substrate, respectively. Although UV O; treatment was con-
ducted on the ITO surface, the directions of the dipole
moment were not changed. The dipole direction of the ITO
surface that includes a CPE layer was not changed upon elec-
tric poling unlike the CPE layer on PCDTBT:PC,,BM (Table S1);
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the difference can be attributed to stronger ion interaction
and alignment of polar CPEs with the ITO surface than with
the PCDTBT:PC,,BM. Interestingly, the ionic groups in the as-
cast CPEs are distributed and organized to have the same
dipole direction regardless of the substrates (hydrophilic ITO
vs. hydrophobic photoactive layer) before electric poling. As
ionic groups interact intimately with the surrounding polar sol-
vent in dilute solution (0.1 wt% for PAHFP-Na, 0.05 wt% for
PSBFP-Br), they might be located preferentially at the side of
the air surface of the layer during spin coating.

As up reduced the electron injection barrier ¢, at the inter-
face between the active layer and the metal (Figure 4), the in-
troduction of electrically poled PSBFP-Na and PAHFP-Br inter-
layers can improve the device characteristics of OPVs. The E,,.
shift of the CPEs interlayer caused a good alignment of the
LUMO of PC,,BM with WF of the Al electrode. Therefore, the
performance parameters and PCE of the device were increased
significantly by using the CPE interlayers and electric poling.

We investigated the J-V  characteristics of the
PCDTBT:PC,,BM organic solar cells under different illumination
intensities to understand the recombination process of the or-
ganic solar cells with CPEs (Figure S4). Nongeminate recombi-
nation was reduced in the device based on CPE/Al than that of
the Al-only device because of the reduced energy level offset
at the well-aligned contact in the device with CPE interlayers
compared with the device with Al only (Figure S5). This is cor-
related with the observed increase of shunt resistance (Rgyn)
and J,. in the devices with CPEs (Table 1, Figure 2). In addition,
electron transport in the space charge-limited current (SCLC)
devices with and without CPEs was compared (Figures S6 and
S7) and the corresponding electron mobilities of the devices
were estimated (Table S2). The electron mobility and current
density of the devices with CPEs were higher than that of devi-
ces with Al only. This is because of the lower energy level
offset at the well-aligned contact in the device with CPE inter-
layers compared with that in the Al-only device.

We also used PTB7:PC,,BM for a photoactive layer with the
CPE interfacial layer and achieved a higher PCE with the elec-
tric poling process (Figure 5, Table 3). After electric poling for
the devices with PAHFP-Na (+4 V) and PSBFP-Br (+5 V) inter-
layers, we achieved a PCE of 8.3% in both devices, which is

o '/'
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Figure 5. J-V curve of the electrically poled PTB7:PC,,BM device with CPE in-

terlayers at 100 mWcm 2
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Table 3. Device characteristics of PTB7:PC,,BM OPVs with CPE interlayers.
Cathode interlayer Voo Jee FF PCE

vl [mAcm™] [%] [%]
no interlayer (Al only) 0.77 13 62.2 6.2
PSBFP-Na 0.766 15.9 68 8.3
PAHFP-Br 0.749 17 64.9 8.3

higher than that of the PAHFP-Na (8.0%) and PSBFP-Br (7.7 %)
devices without electric poling. This difference demonstrates
that the improvement of the photovoltaic properties in OPVs
with PAHFP-Na and PSBFP-Br occurs irrespective of ion func-
tionality in the normal OPV devices.

Conclusions

We demonstrated that the mechanism by which the interfacial
dipoles of conjugated polyelectrolytes (CPEs) are generated
and oriented at cathode interlayers and, in contrast to the con-
ventional understanding, the power conversion efficiency (PCE)
can be improved significantly by both cationic and anionic CPE
interlayers regardless of the ion functionality (i.e., cationic or
anionic) of the CPE. Through the application of an external
bias to devices (so-called electric poling), the ionic groups in
the CPE layer were redistributed and the interfacial dipoles
(tp) were realigned to improve the energy level alignment at
the interface between the photoactive layer and the electrode.
In addition, the energy level alignment and the performance
parameter of organic photovoltaics (OPVs) with CPE interlayers
were controlled systematically by adjusting the electric field
strength and the duration of electric poling. The energy level
adjustment of the CPE interlayer was determined not by the
intrinsic molecular dipole (uyp) of the bulk CPE layer but by
the up, which originates from the direct intimate contact of
CPE with the metal or organic photoactive layer. Finally we ob-
tained a high PCE in the poly({4,8-bis[(2-ethylhexyl)oxylben-
z0[1,2-b:4,5-b’]dithiophene-2,6-diyl}{3-fluoro-2-[(2-ethylhexyl)-
carbonyl] thieno[3,4-b]thiophenediyl}):[6,6]-phenyl C70-butyric
acid methyl ester/CPE devices (8.3 %) because the CPE interlay-
ers reduce the electron injection barrier and thereby increase
the performance parameters after electric poling.

Experimental Section

Synthesis and characterization of CPEs (PSBFP-Na and
PAHFP-Br)

The conjugated polyelectrolyte CPE was synthesized by a modifica-
tion of procedures reported previously.® PSBFP-Na was synthesized
by the Suzuki polymerization of 2,7-dibromo-9,9-bis(4-sulfonatobu-
tyl)fluorene disodium®" and 1,4-phenylenebisboronic ester using
Pd(OAc), in DMF/pH 10 buffer (1:2 by volume) at 80°C for 24 h.
The anionic polymer was purified by dialysis by using
a 12400gmol™' cut-off membrane and obtained by freezing
drying. '"H NMR (300 MHz, [Dg]DMSO): 6 =7.90-7.34 (br, 10H), 2.31-
2.15 (m, 4H), 2.10-2.02 (m, 4H), 1.42-1.36 (m, 4H), 0.63-0.60 ppm
(m, 4H).
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PAHFP-Br was prepared by Suzuki polymerization and a successive
quaternization reaction. The neutral precursor, poly[9,9'-bis(6”-bro-
mohexyl)fluorene-co-ait-1,4-phenylene]®® was synthesized by the
Suzuki coupling of 2,7-dibromo-9,9-bis(6-bromohexyl)fluorene®’!
and 1,4-phenylenebisboronic ester with Pd(PPh,), in toluene/K,CO;
(2™ in water; 2:11 by volume) at 80°C for 24 h. The cationic CPE
was obtained by treating the neutral polymer with a 30% aqueous
solution of trimethylamine in THF/methanol for 48 h. 'H NMR
(300 MHz, DMSO): 6=8.10-7.60 (br, 10H), 3.17 (br, 4H), 2.96 (s,
18H), 1.6-0.9 ppm (br, 20H).

Device fabrication

A PEDOT:PSS (CLEVIOS PH) dispersion was diluted in IPA (1:1 w/w),
spin-coated to give a 35 nm thick hole extraction layer on top of
ITO/glass, and baked on a hotplate in air at 200°C for 10 min. The
blend of PCDTBT (1-material; 7 mg) and PC,,BM (from Nano-C Inc.;
28 mg) in 1,2-dichlorebenzene (DCB; 1 mL) was prepared for the
photoactive layer. PCDTBT:PC,,BM layers were spin-coated at
1600 rpm for 60 s to make 80 nm thick films and then annealed
thermally at 70°C for 10 min in a N,-filled glovebox. For the device
with a CPE as an interlayer, a PSBFP-Na or PAHFP-Br solution dis-
solved in distilled water or IPA/distilled water (1:1 v/v), respectively,
was deposited by spin-coating and dried at 60°C for 10 min. The
thickness of the CPE was controlled by solution concentration and
spin-coating conditions. The average thickness was measured by
ellipsometry as 3 nm at 2000 rpm with 0.05wt% solution for
PAHFP-Br and 0.1 wt% solution for PSBFP-Na. The Ca interlayer
was evaporated thermally on the photoactive layer at a deposition
rate of 0.2 As™" under a high vacuum (<5x1077 Torr), and the Al
cathode was deposited sequentially: first, 20 nm thickness at a dep-
osition rate of 1 As™' and then 80 nm thickness at 3 As™" under
high vacuum (< 5x 107" Torr). The photoactive area (0.06 cm?) was
defined by using metallic shadow masks. The devices were encap-
sulated with a glass lid by using a UV-curable epoxy resin in a N,-
filled glovebox.

Device characterization

The J-V characteristics were obtained by using a computer-con-
trolled Keithley 2400 source measurement unit under simulated
solar AM 1.5G illumination (100 mWcm 2 generated by using
a solar simulator system based on a xenon lamp (Newport 69907,
Class AAA, 450 W).

KP measurement

WF values for ITO/CPE and ITO/PCDTBT:PC,,BM/CPE were mea-
sured by using a SKP5050 Scanning Kelvin Probe (KP Technology
Ltd.) with a gold probe with a diameter of 2 mm.
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