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Although the prominent progress of the conjugated poly-
electrolytes (CPEs) in organic photovoltaics (OPVs), the reliability of
the device with CPEs was not mainly focused up to date and
furthermore the principle of interfacial dipole moment w;p and
corresponding energy level alignment in the device with a CPE
interlayer were not clearly understood to explain the improved
power conversion efficiency PCE. We report a water-soluble CPE,
poly(2,5-bis(3-sulfonatopropoxy)-1,4-phenylene, disodium salt-
alt-1,4-phenylene) (PPP-OPSO3) interlayer that increases both the
device lifetime under continuous irradiation and PCE of OPVs. The
wp of a PPP-OPSO3 interlayer that is in intimate contact with
adjacent layers can be increased by nano-morphological control; as
a result, the built-in potential and device characteristics are
significantly enhanced. We investigated the mechanism by which
the PPP-OPSO3; morphology affected of energetic alignment and
enhanced characteristics. The PPP-OPSOs3 interlayer greatly
increased the PCE to 6.7%, which is significantly greater than in the
device with Al (5.0%) and increased half-life time LTsg under
continuous simulated solar irradiation by 2.7 times despite the
solution processing of water-dissolved PPP-OPSO3.
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1. Introduction

Organic photovoltaics (OPVs) have advantages such as flexi-
bility, low cost, and simple solution-process fabrication. However
OPVs have insufficient power conversion efficiency PCE and half-
life time LTs5p; these demerits must be solved for commercializa-
tion. Methods to achieve OPVs that have high PCE and long LTso
have been used such as controlling the morphology of the active
layer [1-5], synthesizing photoactive materials with low bandgap
or high transport mobility [6—12], and employing interlayers be-
tween the photoactive layer and electrodes [13—17].

Various kinds of interlayers can affect the PCE and LTs critically
and simultaneously. To introduce an efficient interlayer between
the active layer and the negative electrode, vacuum-processed
metal compounds (e.g., LiF, BaF,) and low-work-function metals
(e.g., Ca, Ba) have been used to reduce the interfacial energy barrier
of an Al top electrode [18—23]. Furthermore, recent research into
solution-processed negative electrode interlayers that uses an
orthogonal solvent that does not dissolve the photoactive layer
have conducted to improve performance and reliability in the de-
vice using low-cost non-vacuum fabrication processes [24—31].

A cathode interlayer has been used to improve the PCE of OPVs.
Materials used for solution-processing fabrication include insu-
lating dipole polymers [26,30] and conjugated polyelectrolytes
(CPEs) [31—49]. However, the LT5o under continuous illumination
has not been mainly investigated for devices that have a solution-
processed negative electrode interlayer, although the device reli-
ability is critically important to commercialize the OPVs. In addi-
tion, the mechanism by which the dipole polymers build the actual
dipole moment at the interface has not been investigated clearly to
understand and improve the device characteristics.

In this study, we used an ultrathin water-soluble CPE interlayer
of poly(2,5-bis(3-sulfonatopropoxy)-1,4-phenylene, disodium salt-
alt-1,4-phenylene) (PPP-OPS0Os3) [50,51] to achieve highly efficient
and reliable OPVs, and investigated the interfacial dipole moment
that originated from the distribution of ionic moieties at the
interface between adjacent layers. We studied how orientation of
the ionic moiety and nano-morphological control of CPE layer
affected dipole moment alignment to decrease the interfacial
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energy barrier. The device with the PPP-OPSO; interlayer had
improved open circuit voltage V,, short circuit current J, fill factor
FF and PCE, and significantly extended device reliability under
continuous simulated solar irradiation.

2. Results and discussion

We used a water-soluble CPE, PPP-OPSOs, as the multi-
functional ultrathin interlayer for the solution processed OPVs
(Fig. 1). We investigated the photovoltaic characteristics of poly(3-
hexylthiophene) (P3HT) [6,6]:-phenyl C60-butyric acid methyl
ester) (PCgoBM) and poly[N-9”-heptadecanyl-2,7-carbazole-alt-
5,5-(4',7’-di-2-thienyl-2’,1",3’-benzothiadiazole) (PCDTBT) [6,6]:-
phenyl C70-butyric acid methyl ester) (PC70BM) devices with PPP-
OPSOs interlayer. We used PCDTBT as low bandgap and deep HOMO
photoactive materials to show the universality of PPP-OPSOs3
interlayer and a potential for better device efficiency. To amplify the
effect of the PPP-OPSO3 interfacial layer on the device character-
istics, a self-organized hole extraction layer (SOHEL) [52,53] based
on poly(3,4-ethylenedioxythiophene):poly(4-styrenesulfonate)
(PEDOT:PSS) and a perfluorinated ionomer (PFI) was used as the
hole extraction layer to achieve Ohmic contact with the deep
HOMO level of the donor material, PCDTBT. An ultrathin PPP-OPSO3
interfacial layer was cast by spin-coating of water-dissolved PPP-
OPSOs solution on top of photoactive layers. We also used a con-
ventional vacuum-deposited interfacial layer (LiF or Ca) to compare
the device characteristics of the OPVs with PPP-OPSOs interlayer.

The current density-voltage (J-V) characteristics of the
P3HT:PCgoBM and PCDTBT:PC7¢BM devices with PPP-OPSOj3 inter-
layer were obtained under irradiation of air mass (AM)-1.5 global
simulated sunlight at an intensity of 100 mW cm ™2 (Fig. 2a, c). The
PPP-OPSO3 interlayer improved the performance parameters of
OPVs compared with the Al only and other interlayers (Tables 1 and
2). Vy¢ of the devices with a 3.5-nm-thick PPP-OPSOs3 interlayer
were 0.55 V for P3HT:PCgoBM and 0.89 V for PCDTBT:PC;oBM,
which were significantly increased compared with that with Al
only (0.44 V for P3HT:PCsoBM and 0.81 V for PCDTBT:PC;oBM).
Moreover, FF of the devices with PPP-OPSO; interlayer were
increased (62.6% for P3HT:PCgoBM and 62.3% for PCDTBT:PC7oBM)
compared with the Al only (48.7% for P3HT:PCgoBM and 51.9% for
PCDTBT:PC7¢BM) due to the increased shunt resistance Rgpyn: (from
230 to 340 Q cm? for P3HT:PCgoBM device and from 366.0 to
5724 Q cm? for PCDTBT:PC70BM device) and decreased series
resistance Rseries (from 13.3 to 6.5 Q cm? for P3HT:PCgoBM device
and from 16.4 to 6.6 Q cm? for PCDTBT:PC70BM device). Jsc of the
PCDTBT:PC70BM devices showed very slight changes depending on
interlayers as the comparable EQE results regardless of interlayers

Hole Extraction Layer

ITO

Fig. 1. Architecture of OPV device with PPP-OPSO; interlayer and its chemical
structure.

(Figure S1). Therefore, the corresponding PCE of the devices were
improved to 3.8% for P3HT:PCgoBM and 6.7% for PCDTBT:PC7oBM
compared to the devices without the interlayer (2.1% and 5.0%,
respectively). The PCEs of PPP-OPSOs3/Al devices are higher than
even that of LiF/Al and Ca/Al devices. The dark currents of the de-
vices with PPP-OPSO3/Al were increased greatly compared with Al
only devices (Fig. 2b, d) because of a better electron injection at the
PPP-OPSO3/Al interface than Al only. The rectification ratio (for-
ward-biased current/reverse-biased current) at 2.0 V in the dark
J—V characteristics was ~10° for PCDTBT:PC;oBM/PPP-OPSO3/Al
device but only ~10? for the device without the interlayer, and the
device with Ca/Al. Furthermore, PCE of P3HT:PCgyBM device was
slightly increased in the device with 3.5-nm-thick PPP-OPSO3;
interlayer (3.8%) compared with that of 4.8-nm-thick (3.5%) due to
the reduced Rgeries Of the P3HT:PCgoBM/PPP-OPSO3 device with
thickness of 3.5 nm (6.5 Q cm?) compared to the one with thickness
of 4.8 nm (8.3 Q cm?). It is because ionic polymers have randomly-
orientated dipole moments in the ionic aggregates of the bulk film
[54]. So the overall dipole moment of the thick PPP-OPSOs layer
was reduced compared with the larger dipole moments at the
interface with the adjacent layer of thin PPP-OPSOs. Because of
these so-called interfacial dipole moments up at the interface with
adjacent layer of CPE layers, a large shift and adjustment of energy
level occurred at the cathode interface and the photoactive inter-
face [31,55,56]. As a result of the energy level shift, the energy level
offset @ at the interface was correlated with the dipole moments of
interlayers with the adjacent layer as

_ Nucost
g€

AD (1)

where N is the surface dipole concentration, p is the dipole
moment, # is the angle which the dipole makes to the surface
normal, ¢, is the vacuum permittivity, and ¢ is the static dielectric
constant [57—59]. Therefore, @ at the interface decreases linearly
when the interlayer have a high surface dipole concentration, a
stronger dipole moment, and a more normal angle toward the air
surface of the layer.

To investigate how device characteristics were improved by the
reduction in A® at the electron extraction contact by the PPP-
OPSOjs interlayer, we analyzed the energy level alignment and the
wp of PPP-OPSOs interlayer (Fig. 3). We investigated the vacuum
level shift AE,qc in the P3HT:PCgoBM with our PPP-OPSOj interlayer
because the energy level alignment in the device originates from
the energy state of adjacent layers and particularly by AE,, at the
interlayers [31,55,56]. The secondary cut-off of P3HT:PCoBM thin
film (17.26 eV) on the high binding energy state of ultraviolet
photoelectron spectroscopy (UPS) spectra was shifted to higher
binding energy depending on thickness of PPP-OPSO3 interlayer
(17.32 eV for 4.8 nm, 17.47 eV for 3.5 nm) (Fig. 3a). Because the
alkali-metal counter-ions (Na't) interact intimately with the sur-
rounding polar solvent (water) in dilute solution, they are prefer-
entially arranged at the air surface side of the layer, whereas the
sulfonated poly(p-phenylene) backbones are located at the photo-
active layer [31]. Therefore, ujp which originates from the interfa-
cial polarization at the intimate contact between the dipole layer
and the adjacent layers points toward the photoactive layer, and
Eyac is shifted as depicted in Fig. 3b. The net dipole moment is
determined primarily by wp at the intimate contact between the
dipole layer and the metal or photoactive layer, not by intrinsic
molecular dipoles upp [31,60]. In addition, AE,q- and resulting A®
were larger at the interface between the photoactive layer and the
PPP-OPSO3 interlayer with optimized thickness (3.5 nm) than at
that with 4.8-nm thickness. As a result, the energy level offset at the
electron extraction contact ®. was reduced, and the difference of
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Fig. 2. Current density-voltage characteristics of the device with PPP-OPSO3 interlayer for P3HT:PCoBM device (a) at 100 mW cm ™2, (b) in the dark; and for PCDTBT:PC;oBM device

(c) at 100 mW cm 2, (d) in the dark.

Table 1
Device characteristics of P3HT:PCgoBM OPVs with PPP-OPSOs interlayers.
Cathode interlayer Voc Jsc FF PCE  Rgpunt Rseries
[Vl [mAcm™2] [%] [%] [Qcm?] [Qcm?]
No interlayer (Al only) 0.44 9.7 48.7 2.1 230 133
LiF 053 10.2 649 35 537 7.1
PPP-OPSO5 (4.8 nm) 054 10.2 632 3.5 498 83
PPP-OPSO5 (3.3 nm) 055 11.0 626 3.8 340 6.5
Table 2
Device characteristics of PCDTBT:PC70BM OPVs with PPP-OPSOs5 interlayers.
Cathode interlayer Voo Jsc FF PCE  Rshune Rseries
[V] [mA cm-2] [%] [%] [Qcm2] [Qcm2]
No interlayer (Al only) 0.81 11.8 519 5.0 366 16.4
Ca 089 11.6 583 62 528 7.3
PPP-OPSOs (3.3 nm) 089 11.7 623 6.7 572 6.6

effective work function between two electrodes, so called built-in
potential (Vj), was increased in the device; therefore V,. and FF
were increased in the device with PPP-OPSOs interlayer as an
efficient electron extraction layer [61].

We used atomic force microscopy (AFM) to investigate the
surface  morphology of the PPP-OPSO3; layer on the on
P3HT:PCsoBM photoactive layer (Fig. 4a). The PPP-OPSOs layers
were deposited by spin-casting at 2000 rpm (Fig. 4b) and 4000 rpm
(Fig. 4c) on bare P3HT:PCgpBM surface to control the thickness and

morphology of the PPP-OPSOs layer. The layers consisted of a
number of molecular grains evenly distributed on the
P3HT:PCgoBM surface (Fig. 4b—c). The grain size of PPP-OPSO3 layer
was decreased as spin-speed increased (~30 nm for 2000 rpm and
~20 nm for 4000 rpm), because the PPP-OPSOj3 grains are grown by
a combination of ionic interaction between the ionic groups,
repulsion against the hydrophobic polymer backbones [54], and the
centrifugal force during spin-casting. We also measured AFM
height images of PPP-OPSOs interlayer on photoactive layer
(Figure S2). When we increased the spin-speed, the ratio of the
dispersion force (i.e. centrifugal force during spin-casting) over the
attractive interaction between PPP-OPSO3; molecules was
increased, then grain size and thickness PPP-OPSO3 layer were
reduced. We compared ionic alignment of PPP-OPSOs3 interlayers
depending on morphology (Figure S3). Randomly orientated ionic
molecules, which is formed in bulk ionic aggregates of PPP-OPSO3
interlayer with thick layer and large grains, reduce a net dipole
moment of interlayer (Figure S3a). However the net dipole moment
of PPP-OPSOs interlayer with thin layer and small grains is
increased because it is dominated by pjp at the intimate contact
between PPP-OPSOs interlayer and the metal or photoactive layer
(Figure S3b). Furthermore, the direction of net dipole moment ac-
cording to AE,q (pointing toward the active layer) is determined
primarily by up (pointing toward the active layer), not by intrinsic
molecular dipoles uyp (pointing toward the metal layer) (Fig. 3b).
Therefore a large AE,, of the 3.5-nm-thick PPP-OPSOs interlayer
originated from its larger dipole moment than that of 4.8-nm-thick
PPP-OPSO; interlayer because the dipole molecule (sulfonated
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Fig. 3. Energy level analysis of PPP-OPSO; interlayer on photoactive layer. (a) UPS
spectra of the P3HT:PCqoBM photoactive layer with various thickness of PPP-OPSO3
interlayer; (b) Schematic energy level diagram of PPP-OPSOs; interlayer on the pho-
toactive layer surface. Interfacial dipole moment yp at the intimate contacts of PPP-
OPSOs interlayer and the resulting net dipole moment are pointing toward the active
layer and thus vacuum level E,q is shifted to decrease energy level offset at the
electron extraction @e.

poly(p-phenylene) backbone and alkali-metal counter ions (Na™)
was randomly orientated within the ionic aggregates in the bulk
PPP-OPSO3 layer. By this process, the 3.5-nm-thick PPP-OPSOs3
interlayer showed large AE,,. = 0.21 eV and a consequent low ¢ at
the interface for better energy level alignment in the device.

To understand the energy level alignment and the V,¢ increase in
the device with PPP-OPSOs interlayer, we measured C-V charac-
teristics of the P3HT:PCgoBM devices and PCDTBT:PC;oBM devices
(Fig. 5). The capacitances of devices increased as bias voltage
increased to a maximum where the voltage is called as the ‘peak
voltage’ Vpeqr, and decreased drastically as voltage increased
further; the decrease is due to recombination of majority space
charges with injected opposite charges under open circuit (or flat
band) condition [30]. Thus Vpeq is correlated with Vj,; as [21,30,62].

Vi - Vpeak o« kg Tfe (2)

where kg is the Boltzmann constant, T is the temperature and e is
the elementary charge. At room temperature, Vpeqr is always
smaller than Vj; due to the space charges near the electrodes.
Therefore, the change of Vpeq of the device at room temperature is
considered as an effective measure to estimate the change in V.
The P3HT:PCgoBM device without interlayers had Vpeq = 0.29 V in
the C-V curve, but the devices that had an LiF or PPP-OPSOs inter-
layer showed significantly higher Vpeqr = 0.51 and 0.53 V, respec-
tively (Fig. 5a). Vpeak of the PCDTBT:PC70BM device with PPP-OPSO3
interlayer also had higher Vpeqr = 0.66 V than the device with Al
only (0.58 V) (Fig. 5b). The higher Vjeqx value in the device with
PPP-OPSO3/Al than that with Al only indicates the higher Vj; and
corresponding V.. As a result of energetic analysis and device
behavior characterization, we conclude that the device with PPP-
OPSOj3 interlayer has lower @ at the interface and the correspond-
ing increased Vp;, thus V. increased compared with that with Al
only.

We also measured LTs59 of P3HT:PCqoBM devices with and
without the PPP-OPSOs layer (Fig. 6). Device characteristics were
recorded during stability measurement at intervals of 1 h under
irradiance of AM-1.5 100 mW cm ™2 light, N»-filled atmosphere, and
at 25.3 °Cin the temperature controlled chamber until the PCE had
decreased by 50%. The devices were encapsulated with a glass lid by
using a UV-curable epoxy resin in a Nj-filled glovebox. Under
continuous illumination with simulated solar light (AM 1.5G,
100 mW cm2), LTsp of the P3HT:PC¢oBM device with PPP-OPSO;3
interlayers was greatly increased to 191 h (3.5-nm-thick layer) and
283 h (4.8-nm-thick layer) than that with Al only (107 h). In pre-
vious research, The P3HT:PCgoBM device with the 1-nm-thick BaF,
interlayer showed a greatly (approximately nine times) increased
device LT5p under continuous simulated solar irradiation at 100
mWcm? as compared with the device without an interfacial layer,
despite highly hygroscopic property of metal fluoride (CsF, LiF, BaF;,
etc.) film. Because metal electrode diffusion into the active layer
during operation is one of major causes of the OPV degradation,
BaF, interlayer was used to block the diffusion of Al into the
P3HT:PCgoBM layer [21]. LT5p was increased more in the device with
4.8-nm-thick PPP-OPSO3 interlayer than 3.5 nm despite the hy-
drophilic nature of the PPP-OPSOs interlayer, because the PPP-
OPSOs interlayer might efficiently block the atomic migration of Al
layer during operation.

In addition, the device with PPP-OPSO3 did not show any
overshooting phenomenon of PCE as a function of time. During
operational stability measurement, we could not observe the in-
crease of current density at an initial stage which usually originates
from ion motion of ionic interfacial polymer layer in polymer op-
toelectronics [63].

3. Conclusion

A water-soluble ultrathin poly(2,5-bis(3-sulfonatopropoxy)-1,4-
phenylene, disodium salt-alt-1,4-phenylene) (PPP-OPSO3) layer can
increase power conversion efficiency PCE and half-lifetimes LT5¢ in
bulk-heterojunction polymer solar cells such as poly(3-
hexylthiophene) (P3HT) [6,6]:-phenyl C60-butyric acid methyl
ester) (PCgoBM) and poly[N-9”-heptadecanyl-2,7-carbazole-alt-
5,5-(4',7’-di-2- thienyl-2’,1",3’-benzothiadiazole) (PCDTBT) [6,6]:-
phenyl C70-butyric acid methyl ester) (PC70BM). We systematically
investigated the mechanism of energetic alignment of PPP-OPSO3
interlayer and controlled the dipole moment by adjusting the PPP-
OPSOs3 nano-morphology. Thereby, we demonstrated that the built-
in potential in the device was significantly improved depending on
the interfacial dipole moment of PPP-OPSOs, which was
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Fig. 5. Capacitance-voltage characteristics of (a) P3HT:PCgoBM device and (b)
PCDTBT:PC;oBM device with PPP-OPSO5 interlayer.

determined by molecular arrangement of ionic moieties at the
intimate contact between the dipole layer and the metal or pho-
toactive layer. We also demonstrated the device operational sta-
bility was also improved according to the nano-morphological
effects of PPP-OPSO3 interlayer. As a result, a PCDTBT:PC7¢BM de-
vice with a 3.5-nm-thick PPP-OPSO; interlayer/Al showed a
remarkably improved PCE (6.7%) compared with the device with Al
only (5.0%) and a device with a conventional vacuum-processed Ca/
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Fig. 6. PCE decay of OPVs with PPP-OPSOs interlayers of various thickness.

Al interlayer (6.2%). LTsp also significantly increased from 107 h
(without a CIL) to 283 h for the P3HT:PCgoBM device with 4.8-nm-
thick PPP-OPSOj3 interlayer/Al.

4. Experimental section

Device Fabrication: A PEDOT:PSS layer (35 nm) was spin cast on
top of a pre-patterned indium tin oxide (ITO) substrate, baked at
200 °C for 10 min, then transferred to a nitrogen glove box. The
active layer of ~200 nm thickness was deposited by spin-coating
P3HT:PCgoBM solution (in 1:1 wt ratio) dissolved in 1,2-
dichlorobenzene. PCDTBT:PC7¢BM solution (in a 1:4 wt. ratio) dis-
solved in 1,2-dichlorobenzene was spin-cast to form ~80-nm-thick
film. To fabricate solution-processed interlayers, a solution of
1.5 mg mL~! PPP-OPSO3 in water was spin-coated on top of the
photoactive layers to achieve different thicknesses of 4.8 nm (spin
rate 2000 rpm) or 3.5 nm (4000 rpm), then dried at 50 °C for
10 min. The Ca or LiF interlayer was evaporated thermally on the
photoactive layer at a deposition rate of 0.2 A s~! under a high
vacuum (<5 x 1077 Torr), and the Al cathode was deposited
sequentially: first, 20-nm thickness at a deposition rate of 1 A s,
then 80-nm thickness at 3 A s™! under high vacuum
(<5 x 1077 Torr). The photoactive area (0.06 cm?) was defined by
using metallic shadow masks. The devices were encapsulated with
a glass lid by using a UV-curable epoxy resin in a N,-filled glovebox.

Device Characterization: J-V characteristics were recorded using
a computer-controlled Keithley 2400 Source Meter under
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simulated AM 1.5 G irradiation at 100 mW cm™2 using a Xenon
lamp-based solar simulator system (Newport 94043A, Class AAA,
450 W). The light intensity was calibrated to a reference solar cell
(Newport 91150 V). The C-V characteristics were measured at
1000 Hz using a Biologic SP-300. Device lifetime was measured
using a McScience Polaronix K3600 Solar Cell Reliability Test Sys-
tem. Device characteristics were recorded at intervals of 1 h under
irradiance of AM-1.5 100 mW cm 2 light and N»-filled atmosphere
at 25.3 °C until the PCE had decreased by 50%.
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