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ABSTRACT: We investigate a simple fabrication method for vapor coating small-molecule organic interlayers as replacements
for metal oxide films. The interfacial layers, which serve both as both surface modifiers to reduce the substrate work function and
electron selective layers, maximize light absorption within the active layer while improving electron transport and compatibility
between the active layer and cathode, leading to a ~22% enhancement in power conversion efficiency and similar air stability

compared to devices using a ZnO layer.
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B INTRODUCTION

Polymer—fullerene bulk heterojunction (BHJ) polymer solar
cells (PSCs) have been regarded as next-generation solar cells
because of their advantages such as low-cost, lightweight, and
flexible device fabrication.'™* Substantial efforts synthesizing
new semiconducting polymers and metal nanoparticles,
developing device architectures, and controlling the active
layer morphology have improved the power conversion
efficiencies (PCE) of conventional PSCs (cPSCs) up to
99%.5~'° In spite of dramatic improvements in device efficiency,
there remains a major concern about the stability of cPSC
devicess for commercialization.'" Poor stability of cPSCs largely
originates from the acidic nature of poly(3,4-ethylenediox-
ythiophene):polystyrene sulfonic acid (PEDOT:PSS) and
easily oxidized low work function metal cathodes (e.g., calcium,
aluminum).'”" In order to resolve these issues, inverted PSCs
(iPSCs) have been developed, where high work function metals
(e.g,, gold, silver) and metal oxides (e.g,, titanium dioxide, zinc
oxide, molybdenum oxide) are used as anode and electron/hole
transport layers, respectively.”'*™'” Metal oxides have been
widely used for iPSCs because of their high charge-carrier
mobilities and transparency in the visible spectrum.'®'?
However, there are drawbacks to the use of metal oxides
including inherent incompatibility between inorganic metal
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oxides and organic active layers, high processing temperatures
required to prepare oxide films, light absorption in the UV
region and optical interference eftects, all which may degrade
device performance.'”**"** To overcome these problems,
polymer surface modifiers, such as polyethylenimine ethoxy-
lated (PEIE) and poly[(9,9-bis(3’-(N,N-dimethylamino)-
propyl)-2,7-fluorene)-alt-2,7-(9,9-dioctylfluorene)] (PEN),
have been employed to decrease cathode work functions
without relying on oxide layers in iPSCs.***** In particular,
PEIE layers deposited on top of various layers (metal oxides,
metal, conducting polymer, and graphene, etc.) via spin-coating
can effectively reduced their work functions while providing
excellent electron selectivity, leading to performance compara-
ble to devices using metal oxide layers.”> However, polymer
surface modifiers require synthesis/purification processes and
should be dissolved in polar solvents (e.g., 2-methoxyethanol,
methanol, isopropanol, etc.) for spin-coating. In addition, the
thickness should be adjusted for device optimization by
controlling the solution concentration and spin-coating rate.
In spite of a need to develop new surface modifiers and coating
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Figure 1. (a) Device architecture and (b) energy band diagram of iPSCs incorporating a ZnO layer or ETA treatment.

methods, there have been no reports on small-molecule organic
surface modifiers or new coating techniques for high perform-
ance iPSCs (Supporting Information Table S1).

In this work, we introduce a vapor coating method using
small-molecule, organic, surface modifiers to fabricate high
performance iPSCs. Ethanolamine (ETA) is used as both a
surface modifier and electron selective layer in iPSC devices.
Since ETA is soluble in polar solvents and has an appreciable
vapor pressure, ETA can be easily deposited on ITO substrates
via both spin- (ETA-SC) and vapor-coating (ETA-VC). ETA
treatment reduces the work function of indium tin oxide (ITO)
cathode, facilitating electron transport while blocking hole
transport from the active layer to cathode. Furthermore, ETA
treatment maximizes light absorption within the active layer
due to the absence of light absorption in the visible or UV
regions, and does not lead to unwanted reflection or
interference effects that accompany the use of metal oxide
layers, leading to enhancement in short-circuit current density
(Jsc) and PCE.

B EXPERIMENTAL SECTION

PSCs Fabrication and Characterization. ITO-coated glass
substrates were cleaned by sequential ultrasonication in deionized
water, acetone, and iso-propanol, followed by drying in an oven
overnight. The ZnO precursor solution was prepared via sol—gel
method.*® For ZnO layers (50 nm), the precursor solution was spin-
cast on ITO substrates at 3000 rpm for 25 s and then annealed at 110
°C for 10 min. For ETA-SC, ETA was dissolved in methanol (MeOH)
(optimized concentration of 2 wt %) and this solution was spin-cast
onto ITO substrates at 2000 rpm for 40 s. To remove physically
adsorbed ETA molecules, ETA-SC-treated films were washed with
pure MeOH by spin-coating MeOH on them, leading to the formation
of an ETA monolayer. For ETA-VC, a few ETA droplets (40 uL) were
dropped around ITO substrates inside a Petri dish and the Petri dish
was closed. Subsequently, the temperature was increased to 50 °C and
maintained for 10 min. For deposition of the active layer, blend
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solutions of PTB7 (1 wt %)/PC,,BM (1.5 wt %) dissolved in a mixed
solvent of consisting of chlorobenzene and 1,8-diiodooctane were
spin-coated on top of the treated substrates in a nitrogen-filled
glovebox. The thickness of the active layer was measured to be about
190 nm. Device were then brought under vacuum (<107 Torr), and
p-type MoOj; (S nm) and Au (80 nm) electrodes were then deposited
via thermal evaporation. The area of the Au electrode defines the
active area of the device as 13.0 mm? For the characterization of PSCs,
current density—voltage (J—V) characteristics were measured using a
Keithley 2635A Source Measure Unit. Solar cell performance was
measured under Air Mass 1.5 Global (AM 1.5 G) simulated solar
irradiation with an intensity of 100 mW-cm™. EQE measurements
were obtained using a PV measurement QE system using
monochromated light from a xenon arc lamp under ambient
conditions. The monochromatic light intensity was calibrated using a
Si photodiode and chopped at 100 Hz. A mask (13.0 mm?) made of
thin metal was used for J—V characteristics and EQE measurements.

Characterization of ITO Electrodes with ZnO or ETA
Treatment. The work function of ITO electrodes with ZnO layers
and ETA treatment were obtained via ultraviolet photoelectron
spectroscopy using He I (21.22 eV) radiation line from a discharge
lamp. AFM images (1.5 ym X 1.5 pm) were obtained using a
VeecoAFM microscope in a tapping mode. Reflectance spectra were
measured on a Varian Cary 5000 spectrophotometer. Contact angles
were measured using DSA100 (KRUSS, Germany). Impedance spectra
were measured using an impedance analyzer (SI 1287 Solartron). The
oscillation amplitude of the AC voltage was maintained at 10 mV for
all impedance measurements. ZnO layer thickness was measured using
a Surface Profiler (KLA Tencor).

B RESULTS AND DISCUSSION

Figure la and 1b shows device structures and energy-band
diagram of iPSCs incorporating ZnO layers or ETA treatment,
respectively. The ZnO nanoparticles were prepared via a sol—
gel method.*® The ZnO layer was introduced between ITO and
the active layer and served as an electron selective layer (Figure
1a) because of the large band gap (3.2 €V) and well-matched
energy levels with the components of the active layer. The
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Figure 2. J—V characteristics under (a) AM. 1.5G illumination and (b) dark condition, (c) EQE, and (d) air stability of PTB7:PC,,BM-based iPSCs

with different treatments.

Table 1. Device Characteristics of PTB7:PC,;BM-Based iPSCs with Different Treatments

device configuration Jsc (mA cm™2) Voc (V) FF
ITO/PTB7:PC,,BM 12.90 0.56 0.56
ITO/MeOH/PTB7:PC,,BM 13.00 0.56 0.56
ITO/ZnO/PTB7:PC,BM 12.50 0.74 0.65
ITO/ETA-SC/PTB7:PC,,BM 14.20 0.73 0.61
ITO/ETA-VC/PTB7:PC,,BM 14.23 0.73 0.67

PCE (%) Jsc [caled] (mA cm™) RS (Q cm?) Ry* (Q cm?)
4.02 12.50 1.53 270
4.13 13.01 1.48 350
6.00 12.11 1.10 791
6.28 14.01 1.19 469
6.99 14.08 1.02 1268

“R, and Ry, were derived from the slope of J—V curves at open-circuit (I = 0) and short-circuit (V = 0) condition, respectively.

valence band energy of 7.8 eV and conduction band energy of
4.6 eV serve to block hole extraction and facilitate electron
transport from the active layer to the cathode. For ETA-SC,
ETA was dissolved in methanol (MeOH) and this solution was
spin-coated on top of ITO substrates. The vapor-coating
method is similar to solvent annealing of PSCs. After putting
several ITO substrates in glass dish, 3—5 drops (40 uL) of ETA
were placed in the vicinity of substrates and the Petri dish was
covered. Subsequently, the temperature was increased to 50 °C
and maintained for 10 min. The details of ETA-SC and ETA-
VC are described in the Experimental Section. As shown in
Figure 1b, an interfacial dipole is formed by ETA-SC and ETA-
VC layers, shifting the vacuum level of ITO close to that of the
active layer and effectively reducing work function of bare ITO
(474 €V) to 4.52 and 4.48 eV, respectively (Supporting
Information Figure S1 and Table S2). This implies that ETA
treatment can be used without a metal oxide layer to facilitate
electron transport from the active layer to the cathode by
reducing the energy barrier between them.

To compare the effect of ZnO and ETA on device
performance both as a surface modifier and electron selective
layer, iPSCs were fabricated using 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)
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and [6,6]-phenyl-C,, butyric acid methyl ester (PC,BM) as
the active layer (Figure 1a). Figure 2a and 2b exhibit current
density—voltage (J—V) characteristics of PTB7:PC,,BM iPSCs
with different electron selective layer under AM 1.5 irradiation
and dark condition, respectively. The device without any
treatment was used as a reference. We also prepared devices
with MeOH treatment to understand if MeOH alone had any
effect on device performance; MeOH treatment alone did not
significantly affect device characteristics. The device with the
ZnO layer exhibited a Jgc of 12.5 mA cm™!, open-circuit voltage
(Voc) of 0.74 V, fill factor (FF) of 0.65, and PCE of 6.00%.
Both ETA-SC and ETA-VC treatments instead of ZnO layer
remarkably improved Jsc up to 14.20 mA cm™’, whereas V¢
and FF remained similar (V¢ = 0.73 V, FF = 0.61 for ETA-SC
and Vo = 0.73 V, FF = 0.67 for ETA-VC). Detailed device
characteristics are listed in Table 1. Compared to the device
with ZnO, the device with ETA-SC showed a decrease in FF,
whereas a slightly increased FF is observed in the device with
ETA-VC. Slight changes in FF by different treatments are
consistent with differences in the leakage currents and
rectification ratios of dark J—V characteristics (Figure 2b).
These tendencies were also supported by the observed series
(R,) and shunt resistances (Ry,) (Table 1). The PCE
enhancement by both ETA-SC and ETA-VC treatments mainly
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Figure 3. (a) Device structures for reflectance measurement and (b) reflectance spectra of PTB7:PC,,BM-based iPSCs with different treatments. (c)
Comparison of absorption change (Aa) with EQE enhancement (A EQE) by ETA-SC and ETA-VC treatments. The inset of panel b shows A«

within the whole device architecute by ZnO layer or ETA treatment.

resulted from a ~14% increase in Jgc, which can clearly be seen
in the EQE results (Figure 2c). Although the device with ZnO
produced a Jsc similar to that of the reference device, we
observed changes in the shape of the EQE curves. The EQE
values of the device with ZnO were lower in the short
wavelength region (below 560 nm) and higher in longer
wavelength region (above 560 nm), compared to reference
device. In contrast, both ETA-SC and ETA-VC treatment led
to remarkable EQE enhancement over the entire visible
spectrum. The different shape of the EQE of the device with
ZnO may be attributed to the combined effects of light
absorption in UV region and reflection/interference effects
caused by ZnO layer. Since device stability in air condition is
one of key motivations to study iPSCs, we also tested air
stability of iPSCs with different electron selective layers for over
120 h (Figure 2d). After air exposure of the devices with
different electron selective layers for 120 h, device efliciencies
were reduced by 32% for ZnO, 40% for ETA-SC, and 32% for
ETA-VC, respectively. In spite of the absence of a metal oxide
layer, air stability of the devices with ETA-VC was comparable
to that of the ZnO device. Furthermore, ETA treatments are
suitable for flexible devices and roll-to-roll mass production
because of their solution processability at low temperature.
To understand the effect of ETA treatment on device
performance, we investigated changes in light absorption from
reflectance measurements of devices with different electron
selective layers and otherwise identical architectures (Figure
3a). Figure 3b shows reflectance spectra of the devices with
different electron selective layers. The shapes of reflectance
spectra are similar in all devices except for the ZnO device. To
understand the changes in light absorption within the active
layer caused by ZnO and ETA, we calculated the absorption
change (Aa) from the results of reflectance measurements
(inset of Figure 3b).>% Compared to the reference device, the
device with the ZnO layer showed a significant decrease in light
absorption due to interference, whereas both ETA treatments
led to enhanced light absorption in the range of 400—750 nm.
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To determine the origin of Jsc enhancement, we also compared
the Aa and EQE enhancement (A EQE) for devices with
different ETA treatments. For calculation of A EQE, we
subtracted EQE of the devices with the ZnO layer from EQE of
the devices with ETA treatments (Figure 3c). The A EQE
spectra of ETA-SC and ETA-VC showed high and broad
enhancement over the whole visible spectrum, consistent with
changes in absorption (Aa). This implies that increases in Jgc
upon replacing ZnO with ETA originate from remarkable
increases in light absorption within the active layer.

To investigate changes in hydrophobicity and morphology of
the ITO surface with different treatments, we measured contact
angles and atomic force microscopy (AFM) of ZnO-coated and
ETA-treated ITO substrates (Supporting Information Figure
S2). We used bare ITO as a reference. ITO without UV ozone
treatment showed a contact angle of 79° (Supporting
Information Figure S2a) and surface roughness of 0.80 nm
(Supporting Information Figure S2e). After depositing a ZnO
layer on the ITO substrate, the contact angle decreased to 33°
(Supporting Information Figure S2b) while surface roughness
increased to 1.52 nm (Supporting Information Figure S2f).
Compared to the ZnO layer, both films with ETA-SC and
ETA-VC treatment showed increased contact angles (SC: 44°
and VC: 64°) (Supporting Information Figure S2c and S2d)
and lower root-mean-square roughness (RMS) surface rough-
ness (SC = 048 nm and VC = 055 nm) (Supporting
Information Figure S2g and S2f). To optimize processing
conditions for ETA-VC deposition, we fabricated devices and
measured contact angles as a function of vapor exposure time.
Increasing the exposure time reduced Jsc and FF, which implies
that excessive ETA vapor interaction with the ITO substrate is
detrimental for device performance (Supporting Information
Figure S4 and Table S3). In contact angle measurements, there
were negligible changes in contact angles with increasing vapor
time (A contact angle between ETA-VC for 10 and 90 min =
4°) (Supporting Information Figure SS). These results indicate
an optimal ETA vapor exposure time of 10 min, which is

dx.doi.org/10.1021/am500092a | ACS Appl. Mater. Interfaces 2014, 6, 6504—6509
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sufficient to deposit ETA molecules on the ITO substrate and
leads to optimal device performance. Although ETA treatment
increases the hydrophobicity of the ITO surface and makes the
surface of the electrode smoother, the adsorbed ETA layer has
no influence on the morphologies and thickness of the
PTB7:PC,BM active layer (Supporting Information Table
$4). The RMS roughness (1.50 + 0.0S nm) and thicknesses
(190 + 25 nm) of active layers on ITO substrates were almost
identical regardless of ZnO or ETA treatments.

To elucidate the influence of ETA treatment on recombi-
nation losses and charge transport between the organic active
layer and metal oxide layer, we measured the dependence of
Voc on the logarithm of the light intensity using electrical
impedance spectroscopy (EIS). The light intensity dependence
of V¢ provides the order of the recombination processes in
BHJ PSCs.”’~*° A linear dependence of V¢ on the logarithm
of light intensity, with a slope of kT q~' has been commonly
observed in BHJ PSCs because of bimolecular recombination

Vo = (k—T)ln(I) + constant

q (1)

where k is Boltzmann’s constant, T is the temperature in
Kelvin, and q is the elementary charge.””*° As shown in Figure
4a, the ETA-SC device showed a stronger dependence of V¢
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Figure 4. (a) Dependence of V¢ on light intensity and (b) electrical
impedance measurement of PTB7:PC,,BM iPSCs with different
treatments.

on the logarithm of light intensity, with slope of 1.20 kT g~
compared to a slope of (1.09 kT q~') for the ZnO device. In
contrast, the device with ETA-VC exhibited a reduced
dependence of V¢ on logarithm of light intensity with slope
nearly equal to 1.0 kT q~". Since a strong dependence of Vi
on light intensity indicates high trap-assisted recombination,
these results show that ETA-VC treatment remarkably reduced
recombination rates at the interface of the active layer and ITO
cathode, compared to ZnO and ETA-SC. EIS results are also
consistent with these data (Figure 4b); the ETA-SC device
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showed higher charge transfer resistance (Rcr) than ZnO
device, whereas ETA-VC treatment remarkably reduced Rcr.
We can speculate that well-aligned ETA molecules on the ITO
surface by slow vapor coating facilitate electron transport from
the active layer to the cathode. The decreases in trap-assisted
recombination and Rcp by ETA-VC treatment improves charge
collection probability and electron transport from the active
layer to cathode, leading to high Js- and FF.

B CONCLUSIONS

In conclusion, a vapor coating method to deposit an interfacial
ETA layer between the active layer and ITO electrode has been
developed used to prepare high performance iPSCs. The ETA-
VC interlayer functions both as surface modifier for low work
function electrode and electron selective layer, reducing contact
resistance and improving compatibility and electron transport
between the active layer and ITO cathode, while maximizing
light absorption within the active layer, leading to remarkable
enhancements in Jsc and PCE. This approach provides an
effective route to fabricate flexible devices and improve their
device performance by replacing metal oxide layers with organic
surface modifiers in organic optoelectronic devices.

B ASSOCIATED CONTENT

© Supporting Information

Ultraviolet photoelectron spectroscopy, atomic force micros-
copy, and contact angle measurement. This material is available
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