Interfacial effect of polyacetylene-based polyelectrolyte on the
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We report the improved performance of inverted-type polymer:fullerene solar cells, of which the active layers are
composed of 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 [6,6]-phenyl C7i-butyric acid methyl ester (PC71BM), by
introducing poly(N-dodecyl-2-ethynylpyridiniumbromide) (PDEPB) interlayers between the active layers and the
electron-collecting zinc oxide (ZnO) layers. The thickness of the PDEPB interlayers was controlled by varying the
concentration of PDEPB solutions in methanol. Results showed that the power conversion efficiency (PCE) of the
PTB7:PC71BM solar cells increased from 7.73% to 8.14% in the presence of the PDEPB interlayers prepared from 0.5
mg/mL PDEPB solutions. The improved PCE was attributed to the lowered work functions of ZnO, induced by the
PDEPB layers (by Kelvin probe measurement), which was supported by the noticeable change in the atom environments

of both the ZnO and PDEPB layers (by X-ray photoelectron spectroscopy measurement).
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Polymer solar cells (PSCs) with bulk heterojunction (BHJ) layers of conjugated polymers and fullerene derivatives have
attracted widespread attention because large-area flexible plastic solar modules can be fabricated by employing continuous
roll-to-roll (R2R) processes using polymeric solutions at low temperatures.! Recently, the power conversion efficiencies
(PCE) of PSCs with a single-stack structure have been dramatically increased up to ~11%, which can be attributable to
improved control of BHJ morphology, effective surface/interface engineering of buffer layers, and newly synthesized
conjugated polymers.*'? The charge generation, recombination, and extraction in BHJ layers have also been investigated for

a comprehensive understanding of these phenomena.!!'""

Inverted-type PSCs, consisting of BHJ absorption layer sandwiched between the electron collecting buffer layer (ECBL)
on the bottom electrode and the high-work-function top electrode, have shown superior efficiency compared to normal-type
PSCs upon modifying the ECBL with an organic interfacial layer (interlayer).!%!%!7 This organic interfacial layer ensures
better physical contact between the ECBLs and the BHJ layer.'®!” It also plays an important role in lowering the work
function of the metal oxide ECBL because of its dipole nature, thereby increasing the built-in potential (Vsp), and

subsequently facilitating charge transport and enhancing the charge collection efficiency.?!

To date, extensive studies on water/alcohol-soluble organic interfacial layer materials such as non-conjugated neutral
polymers, conjugated polyelectrolytes, small molecules, and self-assembled monolayer molecules have been reported on
account of their intriguing properties such as extraordinary solubility in highly polar solvents to enable multilayer film
deposition, environment-friendly processing, and interface modification functions.?>?>3! Very recently, we have reported the
effect of a poly(N-dodecyl-2-ethynylpyridiniumbromide) (PDEPB) interlayer on the solar cell performance;*? however,
further studies using different materials are needed to confirm the influence of the PDEPB interlayer and to clarify the

interplay between ECBL and PDEPB interlayer.

Herein, we studied the optical properties and the electronic structure of PDEPB polymer and examined the influence of
the PDEPB dipole interlayer, which modifies the ZnO ECBL in inverted PSCs, on the PTB7:PC71BM solar cell performance
by varying the PDEPB solution concentration. In addition, the changes in atom environment and work function of PDEPB-

coated ZnO film were investigated by X-ray photoelectron spectroscopy (XPS) and Kelvin probe (KP) measurements.

PDEPB (viscosity = 0.14-0.22 dL g ! in DMF at 25 °C) was synthesized as described in a previous report,3*-* while zinc
acetate dihydrate (purity > 99%) was supplied by Sigma-Aldrich (United States). PTB7 polymer (weight-average molecular

weight = 92 kDa, polydispersity index = 2.6) and PC71BM (purity > 99%) were purchased from 1-Material (Canada) and
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Nano-C (United States), respectively. The ZnO precursor solution was prepared by dissolving zinc acetate dihydrate (1 g)
and ethanolamine (0.28 mL) in 2-methoxyethanol (10 mL), followed by stirring at 60 °C for 3 h and at room temperature
overnight prior to spin-coating. The PDEPB solutions were prepared using methanol with different concentrations (0, 0.1,
0.3, 0.5, 0.7, and 1.0 mg/mL). PTB7:PC71BM (10:15 by weight) solutions were prepared using 97 vol% of chlorobenzene
(CB) and 3 vol% of 1,8-diiodooctane (DIO) at a solid concentration of 25 mg/mL, and then were vigorously stirred at room
temperature for 12 h before spin-coating. Pre-patterned indium-tin oxide (ITO)-coated glass substrates were cleaned by wet
cleaning with acetone and isopropyl alcohol, followed by dry cleaning with UV-ozone treatment for 20 min. The 30-nm-thick
ZnO films were spin-coated on the ITO-glass substrates and were annealed at 200 °C for 1 h. The PDEPB solutions were
spin-coated onto the top of the ZnO layer, followed by thermal annealing at 120 °C for 15 min. The 100-nm-thick
PTB7:PC71BM BHI layers were spin-coated onto the ZnO/PDEPB layers in a nitrogen-filled glove box and were dried for 20
min. All samples were transferred to a vacuum chamber inside an argon-filled glove box. The 10-nm-thick molybdenum
oxide (MoOs3) and 70-nm-thick silver (Ag) layers were sequentially deposited through a shadow mask under 2 x 107° Torr,
defining the active area of 0.055 cm 2. Devices were characterized using a solar cell and an external quantum efficiency
(EQE) measurement system equipped with solar simulator (92250A-1000, Newport-Oriel), sourcemeter (Model 2400,
Keithley), monochromator (CM110, Spectral Products), and light source (Tungsten-Halogen lamp, 150W, ASBN-W,
Spectral Products). The core-level atom environments were measured with an X-ray photoelectron spectrometer (XPS, Theta
Probe AR-XPS System, Thermo Fisher Scientific) with a monochromatic X-ray source of Al Ka (1486.6 ¢V). The ECBL
work functions were also examined using a Kelvin probe measurement (APS01, KP Technology) under ambient conditions

and were calibrated against highly ordered pyrolytic graphite.

Figure 1

Inverted PTB7:PC71BM BHJ solar cells with PDEPB interlayer were fabricated as shown in Fig. la. The PDEPB
solution concentration was varied from 0 to 1 mg/mL in methanol, to investigate the correlation between solution
concentration (which, in turn, is related to layer thickness) and solar cell performance. The PDEPB thin film showed a strong
absorption peak at ~510 nm with a long tail (see Fig. 1b) and the optical bandgap of the PDEPB polymer—estimated from
the Tauc plot (see the inset of Fig. 1b)—was ~2.0 eV. The photoelectron yield (PEY) spectrum of the PDEPB polymer

revealed the highest occupied molecular orbital (HOMO) energy level of —5.6 eV (see Fig. 1c). The onset point of the



polymer should be calibrated as previously described and the PTB7 film was used as a reference for calibration.*® The lowest
unoccupied molecular orbital (LUMO) energy level of —3.6 eV for the PDEPB polymer was calculated from the optical
bandgap and the HOMO energy level. Therefore, we summarized the energy band structure of the PDEPB polymer as

illustrated in the inset of Fig. 1c.

Figure 2

The current density-voltage (J-V) curves under simulated solar light (air mass 1.5G, 100 mW/cm?) are shown in Fig. 2a.
The control device with bare ZnO layer (ITO/ZnO/PTB7:PC71BM:MoOs/Ag) exhibited a relatively low short circuit current
density (Jsc). However, better device performances were obtained for the device with ZnO/PDEPB 0.5 layer
(ITO/ZnO/PDEPB_0.5/PTB7:PC71BM:Mo0Q3/Ag), which is in good agreement with a previous report.>? Upon increasing the
PDEPB solution concentration further (> 0.5 mg/mL), the device performance worsened due to the gradual decrease in Jsc.
To confirm the enhanced Jsc of the device with the ZnO/PDEPB_0.5 layer, we measured the EQE spectra of the devices (see
the inset of Fig. 2a). Notably, the higher EQE values of the device with ZnO/PDEPB 0.5 layer than those of the control
device and the device with ZnO/PDEPB 1.0 (ITO/ZnO/PDEPB_1.0/PTB7:PC71BM:Mo00Os/Ag) were shown for the spectral
range of 350—600 nm, indicating that the photogenerated charges were more efficiently transported and collected at the
respective electrodes. Here we note that 0.5 and 1.0 mg/mL PDEPB data are labelled as PDEPB 0.5 and PDEPB 1.0,
respectively. Solar cell parameters as a function of PDEPB solution concentration are shown in Fig. 2b. As the PDEPB
solution concentration increased up to 0.5 mg/mL, the Voc, Jsc, and fill factor (FF) values increased gradually. As a result,
the device with the ZnO/PDEPB_0.5 layer exhibited noticeably improved PCE of 8.14% with Voc = 722 mV, Jsc = 16.06
mA/cm?, and FF = 70.18%, compared to control device with PCE = 7.73% (Voc = 711 mV, Jsc = 15.58 mA/cm?, and FF =
69.44%). However, the solar cell performance worsened when PDEPB solution concentration increased beyond 0.5 mg/mL
because of gradually decreasing Voc, Jsc, and FF values. Therefore, the PDEPB solution concentration could play a

significantly important role in determining the device performance.

Figure 3



In order to gain insight into the chemical interaction between the ZnO layer and the PDEPB interlayer at 0.5 mg/mL, we
performed XPS measurement (Fig. 3). The Zn 2p core-level spectra of the bare ZnO and ZnO/PDEPB_0.5 layer indicated the
presence of PDEPB interlayer on the ZnO layer, based on the decreased Zn 2p peak intensity for ZnO/PDEPB_0.5 layer
compared to that for the bare ZnO layer. It is further evidenced by the N 1s peaks at 398.5 and 400 eV, corresponding to the
protonated N atoms of the pyridine rings and N* groups of the pyridinium cations in the PDEPB polymer, respectively.*
Particularly, the Zn 2p peaks shifted toward a lower binding energy by 0.3 eV (from 1044.9 and 1021.8 eV to 1044.6 and
1021.5 eV) because of the presence of higher electron densities around the Zn atoms.?” Additionally, the chemical interaction
between the Zn cations and the bromide anions for the ZnO/PDEPB_0.5 layer was observed based on the binding energies of
68.8 and 69.8 eV, which is in good agreement with a previous report (here we note that the peaks at 67.5 and 68.2 eV could
be associated with free bromide anions).*® This result indicated that the Zn atoms could be coordinated with the bromide
anions in PDEPB polymer, indicating that the defects on the ZnO surface could be reduced by the presence of the PDEPB
polymer, leading to enhancement in charge extraction efficiency. Considering the incorporation of Zn with Br, we can expect

that the electronic structure of the ZnO layer could be changed by the presence of the PDEPB polymer.

Figure 4

We further performed KP measurement to analyze the change in the ZnO work function with and without PDEPB
interlayers. Fig. 4a shows that the work function of the bare ZnO layer was 4.51 eV, while it decreased to 4.18 eV and further
to 4.09 eV for the ZnO/PDEPB_0.5 and ZnO/PDEPB 1.0 layers, respectively. This reduced work function can be closely
related with the PDEPB dipole layer and the increased Vep. Hence, these results suggest that the increased charge (electron)
extraction efficiency and reduction in charge recombination loss due to the presence of the PDEPB 0.5 layer can be mainly
ascribed to the increased Vsp, leading to enhanced device performance using the ZnO/PDEPB 0.5 layer. Furthermore, as
shown by the dark J-V curves in Fig. 4b, enhanced device performance can also be attributed to the improved charge
transport for the device with the ZnO/PDEPB 0.5 layer, based on the higher rectification ratio resulting from low leakage
current. This leads to higher Jsc and FF values compared to the control device and the device with the ZnO/PDEPB 1.0 layer
(here we note that the rectification ratios are 97, 2214, and 226 for the control device, device with ZnO/PDEPB_0.5 layer,

and device with ZnO/PDEPB 1.0 layer, respectively). However, the relatively thick ZnO/PDEPB 1.0 layer could provide the



leakage current pathway, resulting in relatively poor device performance despite the reduced work function of the

ZnO/PDEPB 1.0 layer.

In conclusion, we have demonstrated the influence of the PDEPB interfacial dipole layer on the inverted PTB7:PC71BM
solar cell performance. Inverted PTB7:PC71BM solar cells with 0.5 mg/mL PDEPB solution coated on ZnO ECBL achieved a
PCE of 8.14%, which is higher than that of the control device with bare ZnO layer and the device with a ZnO/PDEPB 1.0
layer. Surface defects on the ZnO ECBL can be cured by the presence of the PDEPB interlayer, confirmed by Zn—Br
chemical interaction. This improvement in PCEs can also be attributed to the reduced work function of the ZnO/PDEPB 0.5
layer, resulting in increased Vep, which facilitates overall charge transport. Hence our present study provides a promising

method for improving the solar cell performance, realizing the portable and wearable energy conversion devices.
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FIG. 1 (a) Device structure for the inverted polymer solar cell with the PDEPB interlayer and the PTB7:PC71BM BHIJ layer.
(b) Optical absorption spectrum for the PDEPB thin film coated on quartz substrate (inset: Tauc plot for band gap
determination). (c) Photoelectron yield (PEY) spectra for the pristine PDEPB and PTB7 films coated on ITO-glass

substrates (inset: a simplified energy band diagram for the PDEPB polymer).
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FIG. 2 (a) Light (air mass 1.5G, 100 mW/cm?) J-V curves for the inverted-type PTB7:PC71BM solar cells with the PDEPB
interlayers according to the various PDEPB solution concentrations (inset: EQE spectra). (b) Solar cell parameters as a

function of PDEPB solution concentration.
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FIG. 3 XPS spectra for the ZnO-coated ITO-glass substrate and the PDEPB (0.5 mg/ml) layer-coated ZnO layer on the ITO-

glass substrate: (a) Zn 2p, (b) N Is, and (c) Br 3d.
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FIG. 4 (a) Change of ZnO work function (measured by Kelvin probe) according to the PDEPB concentration (inset:
illustration for the ZnO work function shift by the presence of the PDEPB layer). (b) Dark J-V curves for the inverted-
type PTB7:PC71BM solar cells according to the PDEPB concentration: 0 mg/ml (ZnO), 0.5 mg/ml (ZnO/PDEPB_0.5),

and 1.0 mg/ml (ZnO/PDEPB _1.0).
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