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ABSTRACT: We present a hole injection layer processed from
solution at room temperature for inverted organic solar cells.
Bis(2,4-pentanedionato) molybdenum(VI) dioxide
(MoO,(acac),) is used as the precursor for MoO,. Small
amounts of Nafion in the precursor solution allow it to form
continuous films with good wetting onto the active layers. The
hydrolysis of MoO,(acac), and the effects of adding Nafion to
the precursor solution are studied by Fourier transform infrared
spectroscopy and X-ray photoelectron spectroscopy. The
devices with solution-processed MoO, including Nafion
exhibited comparable performance to the reference devices
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based on the commonly used hole injection layers such as poly(3,4-ethylenedioxythiophene):polystyrenesulfonate
(PEDOT:PSS) or evaporated MoQ;. Inverted poly(3-hexylthiophene):[6,6]-phenyl C61-butyric acid methyl ester devices
with Nafion-modified MoO, maintain 80% of their initial power conversion efficiency upon exposure to ambient air for ~5000 h,
outperforming devices with PEDOT:PSS or with evaporated MoO;.

KEYWORDS: Nafion, MoO,, hole injection layer, inverted solar cells, stability

1. INTRODUCTION

Organic solar cells have attracted large interest during the past
decade as thin-film photovoltaic technology with the potential
of delivering low-cost, semitransparent photovoltaic devices on
a variety of substrates including flexible plastic films.'™*
Recently, organic solar cell with power conversion efliciencies
exceeding 10% have been shown with both polymers and small
molecule materials,”® which is a significant step toward the key
10—10 target (10% efficiency and 10 years of stability).” To
further increase the efficiency and the stability, one of the
crucial aspects is engineering of the interface between the
electrodes and the active layers by usinﬁ electron injection
layers and hole injection layers (HILs).* """ Although poly(3,4-
ethylenedioxythiophene):polystyrenesulfonate (PEDOT:PSS)
has been widely used as HIL, by virtue of its good electrical
properties and excellent solution processability, its acidic and
hygroscopic nature are detrimental to the long-term stability of
organic solar cells.">™"® Therefore, the search for new hole
buffer layer materials that can replace PEDOT:PSS is an
important research area. Especially, solution-processed high
work function transition metal oxides, such as MoO3,16_22
V,05,7% NiO,**™* and WO0;°*7%” have been widely
investigated and considered as promising alternatives to
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PEDOT:PSS, due to their favorable band structures, excellent
stability in the ambient environment, and compatibility with
large-area solution processing technologies. Devices with such
metal oxide HILs have been reported to show comparable
efficiency but increased stability over the ones using
PEDOT:PSS.>"*7%%%

Most of the above-mentioned solution-processed metal oxide
HILs, however, are only suitable for organic solar cells based on
the conventional structure, where the HIL is deposited directly
on indium tin oxide (ITO) covered glass substrates. Examples
of HILs in high-performance inverted devices, where the HIL is
deposited onto active layers, remain very scarce.””***’ 7% So
far, thermally evaporated metal oxide HILs are still dominant in
inverted devices. The reasons for the unsuccessful application
of solution-processed metal oxide HILs in inverted device
structures can be summarized as follows. First, sol—gel methods
have been extensively used to make transition metal oxide
based HILs. However, the temperature needed to convert the
precursors into metal oxide is typically incompatible with the
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organic active layers.'®*® Furthermore, the hydrophobic nature
of the active layer can cause dewetting issues during the
processing of the metal oxide HILs, especially for water-based
solutions. While the surface properties of ITO substrates can be
easily tuned by O, plasma or UV—ozone to improve wetting,
such treatments are harmful to the active layers. Finally, some
highly reactive precursors for transition metal oxides can
penetrate into the active layer and react with the active
materials.”®*’ For example, Riedl and co-workers reported that
vanadium(V) oxytriisopropoxide, a commonly used precursor
for sol—gel V,0s, could diffuse dee;ply inside the active layer,
degrading the device performance.

In general, it is believed that the stability of inverted organic
solar cells outperforms the stability of the conventional
structures: the low work function metal cathodes of the latter
ones suffer from rapid oxidation.'>*® Moreover, recent work by
McGehee et al. suggested that inverted devices are thermally
more stable than their conventional counterparts, where a thin
polymer-rich electron blocking layer between the active layer
and the electron-extracting electrode can form under heat
stress.™! Consequently, the inverted device architecture is
favored in the manufacturing of stable organic photovoltaic
devices. This justifies the importance of the search for low-
temperature solution-processed stable HILs that are applicable
on top of organic semiconductors in an inverted device
geometry. In literature, examples of HILs made from alcohol
dispersions of metal oxide nanoparticles,>**>”*** graphene
oxide (GO),* and MoS,*** have been demonstrated. These
address some of the issues mentioned above, but they each
come with their own challenges, such as the aggregation of the
nanomaterials in solution, or the requirement of postdeposition
treatments like UV—ozone and O,—plasma to improve the
quality of as-prepared HILs.**

MoO,(acac), is readily hydrolyzed in various alcohols in
ambient or N, atmosphere, and thus, it has been investigated by
different groups as a precursor to synthesize low-temperature
(<150 °C) solution-processed MoO, HILs for conventional
organic photovoltaic devices.”***” However, as will be shown
below, such solution-processed MoO, cannot be applied to
inverted devices because of the poor wetting on the active layer
during spin-coating. In this work, we show that the wetting
issue can be solved by modifying the MoO, solution with
Nafion, a commercially available perfluorinated sulfonic acid
ionomer. By doing this, we were able to process Nafion-
modified solution-processed MoO, layers on top of different
types of active layers, without further postdeposition treatment
like thermal annealing. Inverted devices with this room-
temperature solution-processed HIL have comparable perform-
ance to the ones based on the benchmark HILs, that is,
evaporated MoOj; or PEDOT:PSS. Moreover, inverted poly(3-
hexylthiophene):[6,6]-phenyl C61-butyric acid methyl ester
(P3HT:PC4BM) devices with Nafion-modified MoO, HILs
maintain more than 80% of their initial power conversion
efficiency (PCE) after storage in air for ~S000 h, out-
performing those using the benchmark HILs.

2. RESULTS AND DISCUSSION

The chemical structures of MoO,(acac), and Nafion are shown
in Scheme 1. For the preparation of Nafion-modified MoO,,
both materials were first dissolved separately in a mixture of 2-
propanol and 1-butanol and were then mixed together before
usage. Although 2-propanol and 1-butanol demonstrate good
wetting properties on organic active layers, direct spin-coating
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Scheme 1. Chemical Structures of MoO,(acac), and Nafion
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in scattered islands instead of a continuous film (Figure la).
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Figure 1. (a) Optical microscopy image of P3HT:PC¢BM film after
spin coating with MoO,(acac), solution. (b) Optical microscopy
image of the P3HT:PC4BM film after spin coating with the mixed
solution. (c) AFM image of P3HT:PC4BM film. (d) AFM image of
P3HT:PC4BM film with Nafion-modified MoO,, on top.

This is probably due to the low viscosity of the solution and
poor interaction between the solute and the active layer.
Therefore, Nafion was chosen as additive to modify the
MoO,(acac), solution. On one hand, Nafion can increase the
viscosity of the solution owing to its polymeric nature; on the
other hand, the polymer backbone and the —SO3~ (or —SO;H)
end group of Nafion can favorably interact with the organic
active layer and the polymolybdate species, respectively. As
shown in Figure 1b, a smooth film was obtained from the
mixture solution of MoO,(acac), and Nafion. Furthermore,
atomic force microscopy (AFM) measurements indicate that
the deposition of a Nafion-modified MoO, layer on
aP3HT:PC4BM blend slightly reduced the surface roughness
(root-mean-square) from 12.64 to 8.34 nm (Figure 1c,d).

To understand the chemical evolution and the interaction
between the precursors, Fourier transform infrared (FT-IR)
and X-ray photoelectron spectroscopy (XPS) measurements
were carried out for films deposited on KBr crystals and on
silicon substrates, respectively. Figure 2 illustrates the FT-IR
spectra of the films obtained from different solutions. All
samples studied here have an absorption band at 1621 cm™
and a broad band centered at 3490 cm™ (not shown), which
corresponds to the bending modes of adsorbed H,O and the
stretches associated with —OH, respectively.”” For the film

DOI: 10.1021/am507459t
ACS Appl. Mater. Interfaces 2015, 7, 3581—3589


http://dx.doi.org/10.1021/am507459t

ACS Applied Materials & Interfaces

Research Article

3 \A
s

@

Q

c

g

£

0

c

E MoO,(acac),

Nafion
— Nafion-modified MoOx
1 1 1 1
2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 2. FT-IR spectra of the films spin coated from MoO,(acac),,
Nafion, and the mixed solutions, respectively. The typical absorption
bands of acetylacetonate groups are marked in the purple area.

spin-coated from MoO,(acac), solution, the split band at 949
and 910 cm™! is the characteristic of Mo=0 bonds.*® More
importantly, compared to the spectra of MoO,(acac), powder
(Supporting Information, Figure S1), a strong absorption band
with multiple peaks centered at 700 cm™! is observed; this can
be assigned to Mo—O—Mo bonds.”**” The existence of such
broad bands in the 900—500 cm™" spectral region suggests the
hydrolysis of MoO,(acac), and the formation of polyoxomo-
lybdates.”> However, the hydrolysis of MoO,(acac), was not
complete, since a small band at 1540 cm™ (C=0) and two
bands at 1355 and 1278 cm™ (C—C=C)*"** indicate the
presence of acetylacetonate groups. For the Nafion film, typical
absorption bands for C—F functionalities are found at 1218,
982, 635, and 511 cm™".>° The band at 1060 cm™" corresponds
to the symmetric stretching vibration of the sulfonic group.*
For the film obtained from the mixed solution, features of both
Nafion and polyoxomolybdates are present. Nevertheless, the
bands assigned to acetylacetonate group are not detected,
probably due to the ligand exchange of the acetylacetonate
group by sulfonic group that have stronger coordination with
the polyoxomolybdates.

The complete hydrolysis of MoO,(acac), after mixing with
Nafion is further confirmed by XPS measurements. Figure 3
shows the C 1s core-level spectra measured on films prepared
from MoO,(acac),, Nafion, and the mixed solutions,
respectively. The C 1s of MoO,(acac), film shows two peaks
that can be assigned to C=0 bonds (286.8 eV) and C—C
bonds (284.5 eV).>" For the Nafion film, the C 1s spectra are
well-fitted to three peaks, which may be attributed to CF;
(294.4 eV), CF, (292 V), and CF (288 eV).** However, for
the film of the mixture, the peaks for C=0 and C—C, assigned
to acetylacetonate group, almost disappear. Very small peaks
are observed, probably resulting from surface contamination. By
comparing the O 1s core-level spectra of the different films
(Figure 4), consistent results are obtained. The O 1s of
MoO,(acac), film can be fitted to two peaks located at 531.9
eV (C=0) and 530.9 eV (Mo=0).>"** The O 1s of Nafion
film can be deconvoluted into two peaks with binding energies
at 535.3 and 532.7 eV, which are related to the oxygen in the
sulfonic acid group and the oxygen in the ether configuration.>*
Nevertheless, the peak for C=O0 is not detected in the mixed
film. Therefore, the C 1s and O 1s core-level spectra both
indicate that the acetylacetonate group does not exist in the
film spin coated from the mixed solution, which is consistent
with the FT-IR results. From Mo 3d core-level spectra of the
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Figure 3. C 1s core-level spectra with the deconvoluted peaks of the

films prepared from (a) MoO,(acac),, (b) Nafion, and (c) the mixed

solutions.

film obtained from MoO,(acac), solution (Figure Sa), two
doublets can be found. The doublet located at 236.2 eV (Mo
3ds,,) and 233.1 eV (Mo 3d;,) is related to Mo®", while the
other doublet at lower binding energies implies the existence of
a small portion of Mo®". The Mo 3d binding energies of Mo®*
measured here are similar to the values for MoO; and are
higher than those for neat MoO,(acac),,>*** which is another
proof for the hydrolysis of MoO,(acac),. In case of the film
formed from the mixture solution, the peaks of Mo®" shift
slightly to higher binding energies (Figure Sb), probably due to
the complete removal of acetylacetonate group and the
coordination of sulfonic group. It is noteworthy to mention
here that the neutralizer was turned on in some cases to
neutralize the charged samples, which might also cause a minor
shift of the energy scale. (charging was caused by the use of the
relatively thick layers to obtain a high signal-to-noise ratio).
Nevertheless, the broadening of the peaks observed in Figure
5b indicates the change of coordination environment of Mo%,
which supports our assumption of the coordination of the
sulfonic group.55 Therefore, on the basis of both FT-IR and
XPS measurements, we are able to conclude that the partial
hydrolysis of MoO,(acac), first leads to the formation of
polyoxomolybdates; by mixing them with Nafion, new
complexes between polyoxomolybdate and Nafion are formed
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Figure 4. O Is core-level spectra with the deconvoluted peaks of the
films prepared from (a) MoO,(acac),, (b) Nafion, and (c) the mixed

solutions.

through the removal of acetylacetonate group and the
coordination of the sulfonic group to polyoxomolybdate.

To demonstrate the effectiveness of our Nafion-modified
MoO, as HILs in organic solar cells, inverted P3HT:PC¢BM
devices (ITO/TiOx/PB»HT:PC60BM/HILS/Ag) (Figure 6a)
were fabricated and characterized. The performance of the
Nafion-modified MoO,, HIL is compared to benchmark devices
using evaporated MoO; or spin-coated PEDOT:PSS HILs.
Unless mentioned, the concentration of MoO,(acac), is 0.4
mg/mL, while Nafion is diluted 50 times by 2-propanol and 1-

butanol from its commercialized solution (see Experimental
Section). The typical current density—voltage (J—V) and
corresponding external quantum efficiency (EQE) curves of
the devices using different HILs are shown in Figure 6b,c,
respectively. The extracted device parameters of these devices
are summarized in Table 1. It is necessary to note that the short
circuit current density (J,) extracted from the device with
evaporated MoOj is overestimated, probably due to the current
collection from the outside of the defined active area. The
Nafion-modified MoO,-based device achieved J,. of 9.65 mA/
cm® (9.78 mA/cm?* from EQE), open circuit voltage (V,.) of
0.60 V, and fill factors (FF) of 60.3%, resulting in PCE of
3.49%. Such values are comparable to those obtained from the
benchmark devices. Therefore, our Nafion-modified MoO,
HILs, prepared at room temperature, can work efliciently
without any postdeposition treatments.

To achieve optimal performance in the previously described
devices, the optimization of the MoO,(acac), concentration in
the mixed solution is critical. In this study, we kept the
concentration of Nafion constant (diluted by SO times). The
reason is that a too-high concentration of Nafion will
dramatically increase the resistivity of the film, while a too-
low concentration is harmful to the film formation on the active
layers. Although a thin layer of Nafion has been introduced
before to increase the work function of PEDOT:PSS,*® pure
Nafion cannot function as effective HIL for inverted devices. As
shown in Figure 7, the deposition of a pure Nafion layer
between the active layer and the Ag electrode leads to devices
with very poor diode properties and extremely low V, due to
the bad contact at the anode side. By increasing the
MoOz(acac)z concentration, we observe three stages in the
evolution of P3HT:PC¢BM device performance. Such a
phenomenon is reasonable considering that the thickness of
our Nafion-modified MoO,, layer increases together with the
MoO,(acac), concentration. For concentration lower than 0.4
mg/mL, all parameters improve with increasing MoO,(acac),
concentration. At this stage, our HIL layer is either too thin or
not able to fully cover the active layer, potentially resulting in
direct contact of Ag with the active layer. For concentration
higher than 2.4 mg/mL, the increased series resistance of the
HILs degrades the FF of our devices (Figure 7c), while the V.
remains unchanged (Figure 7b). When the MoO,(acac),
concentration is in between the above-mentioned two values,
the PCE of the P3HT:PCy,BM devices remains constant, since
the active layer is well protected from the Ag contact by our
HIL and the resistances of the HIL are negligible. The above-
mentioned evolution is also reflected in the change of dark
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Figure 5. Mo 3d core-level spectra of the films obtained from (a) MoO,(acac), solution and (b) the mixed solution.
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Table 1. Detailed Photovoltaic Parameters of
P3HT:PC4BM Device Using Different HILs, Extrapolated
from the J—V Curves

HILs Jo (mA/cm?) (‘</) FF (%) PCE® (%)
Nafion-modified MoO,  9.65 (9.78) 0.60 60.34 349 (3.54)
PEDOT:PSS 9.87 (10.01) 0.59 57.50  3.35 (3.37)
evaporated MoO; 10.17 (9.58) 0.59 58.78  3.52(3.32)

“The data shown in the brackets are the J,. values calculated from the
EQE curves in Figure 6¢ and the derived PCE values corresponding to
the calculated J,, respectively.

curves of the devices (Figure 8). The device with pure Nafion
has high leakage current density in reverse bias but low current
density in forward bias, implying poor diode properties. The
device fabricated with 0.1 mg/mL shows similar current density
in forward bias compared to that of the device made with 0.4
mg/mL MoO,(acac),, but the leakage current is a little higher.
Conversely, the device with HIL fabricated from 2.4 mg/mL
MoO,(acac), solution has similar leakage current to that of the
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Figure 8. Dark curves of the P3HT:PC4,BM devices using HILs made
from pure Nafion, the mixed solution with 0.1, 0.4, and 2.4 mg/mL
MoO,(acac),, respectively.
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Figure 7. Evolution of J. (a), V,. (b), FF (c), and PCE (d) of P3HT:PC4BM devices in function of MoO,(acac), concentration. The concentration
of Nafion is constant, which is diluted 50 times by 2-propanol and 1-butanol. The zero point corresponds to pure Nafion. The error bars is the

standard deviation of 12 devices.
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device made with 0.4 mg/mL MoO,(acac),, but the current
density in forward bias is much lower due to the high series
resistance.

To verify the capability of our Nafion modified MoO, for
different types of active layers and for high efficiency organic
solar cells, its performance in inverted devices, using the blend
of a diketopyrrolopyrrole-based polymer material PDPPST and
PC,,BM as active layer, was also evaluated. The chemical
structure of PDPPST is shown in Supporting Information,
Figure S2. The detailed average photovoltaic parameters of the
devices using our Nafion-modified MoO, and evaporated
MoOs; are illustrated in Table 2, respectively. The correspond-

Table 2. Detailed photovoltaic parameters of
PDPPST:PC,(BM devices using different HILs.

V.. FF

HILs J* (mA/em?) (V) (%) PCE® (%)
Nafion-modified MoO,  18.66 (18.63) 0.56 63.16  6.60 (6.59)
evaporated MoO; 18.98 (17.81) 0.55 64.31 6.71 (6.30)

“The data shown in the brackets are the J,. values calculated from the
EQE curves in Supporting Information, Figure S3 and the derived
PCE values corresponding to the calculated ], respectively.

ing EQE curves are also illustrated in Supporting Information,
Figure S3. Clearly, the devices with the Nafion-modified MoO;
HILs have almost identical efficiency with those using

evaporated MoO; also in this material system, indicating its
applicability for high-efficiency devices.

To complete the assessment of the properties of
MoO,(acac),, we also studied the impact of MoO,(acac), on
the stability in organic solar cells in ambient air. The critical
role of hole and electron transport layers in ambient air stability
has been proven by numerous studies, making lifetime study of
all novel transport layers imperative. Herein, using sol—gel
TiO, as electron injection layer, the air stability of
P3HT:PC(BM inverted devices with our Nafion-modified
MoO,, PEDOT:PSS, and evaporated MoO; were compared.
All the devices were stored in ambient air (~40%RH) in the
dark, without encapsulation to accelerate the failure. The initial
photovoltaic parameters are given in Supporting Information,
Table S1, with the PCE of devices all above 3.5% for the three
different HILs. The degradation trends of PCE, ], V,, and FF
over storage time are shown in Figure 9. The evolution of the
PCE values follows two stages, independent of the nature of the
HILs. During the first stage of air exposure, (below 1000 h), the
PCE values slightly improved, because the FF increase
compensates the loss in J,. (Figure 9b,d). The improved device
performance of inverted P3HT:PCyBM devices after air aging
is in line with the results reported by another research group,
suggesting that the improved hole extraction is due to the
oxidation of Ag.57 Meanwhile, the decreased dark current
density at reverse bias is observed for all the devices
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Figure 9. Degradation trends of the photovoltaic parameters over storage time for PSHT:PC4,BM devices with different HILs. (a) Normalized PCE.
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ambient air without encapsulation.
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« (d) Normalized FF. The average and deviations are calculated from 12 devices. Devices were stored in
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(Supporting Information, Figure S4), which may indicate
improved contact selectivity and reduced interface recombina-
tion. It is noteworthy that device performance is measured
upon light soaking of 5—15 min, with the duration increasing
upon aging time, to reach the maximum PCE. Hence, we also
inevitably thermally anneal the samples. The consequent slight
morphology reorganization of P3HT:PC¢BM blend may also
lead to improved charge transport and reduced recombination
and, hence, contribute to the improvement of the FF.3%% In
the second stage of air aging, a faster degradation of FF in
PEDOT:PSS devices is observed. By fitting the dark curves to
the Shockley equation,® the evolution of series resistance for
these three types of devices are shown in Figure 10. Though the
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354
304

—=— Nafion-modified MoO_

—e— PEDOT:PSS
—+— Evaporated MoO,

25/
20:
15-.
10-.

Series resistance (Q « cm?)

5

2000 3000 4000

Time (h)

0 1
0 1000 5000

Figure 10. Evolution of series resistance over storage time for
P3HT:PCyBM devices with different HILs.

initial series resistances are almost identical, it can be clearly
observed that the series resistance of PEDOT:PSS devices
became significantly higher than the Nafion-modified MoO,,
and evaporated MoOj based devices after 1000 h of air aging,
explaining the quicker decrease of FF. The increase of series
resistance for PEDOT:PSS devices probably results from
reduced conductivity of PEDOT:PSS after air exposure, as
has been reported elsewhere.'> The devices using our Nafion-
modified MoO, retain 80% of its initial PCE after the storage in
air for 4752 h (so-called T80), which is longer than that for
PEDOT:PSS (T80 = 2856 h) and for evaporated MoO; (T80
= 3336 h). This comparison demonstrates the superior stability
of our Nafion-modified MoO, compared to the two commonly
used HILs.

3. CONCLUSIONS

In summary, room-temperature solution-processed hole
injection layers for inverted organic photovoltaic devices are
demonstrated using the combination of MoO,(acac), and
Nafion. By using this mixture, complexes of polyoxomolybdates
and Nafion are formed through ligand exchange reactions.
Owing to the better interaction between the polymer backbone
of Nafion and the hydrophobic active layer, smooth and
continuous HILs are able to form on top of the active layers.
Inverted devices with such Nafion-modified MoO, hole
injection layers have performance comparable to those with
PEDOT:PSS or evaporated MoO;. The device air stability with
Nafion-modified MoO, outperforms even its evaporated MoOj;
counterpart as it retains 80% of the initial PCE after 4752 h
without encapsulation. Therefore, our solution-processed
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Nafion-modified MoO, layer, compatible with large-scale
solution-processing technologies, is a promising alternative to
PEDOT:PSS for highly efficient and stable organic solar cells.

4. EXPERIMENTAL SECTION

4.1. Device Fabrication. MoO,(acac), and Nafion (5 wt % in
lower aliphatic alcohols and water) were purchased from Sigma-
Aldrich. MoO,(acac), was dissolved in mixed solvent of 2-propanol
and 1-butanol (1:1 v/v) and stirred on a hot plate for 1 h at 60 °C to
form a 20 mg/mL light yellow solution. This solution was stored at
room temperature in a N, -filled glovebox. Nafion was diluted with a
mixture of 2-propanol and 1-butanol. The Nafion-modified MoO,
solution was made by stirring the mixture of MoO,(acac), solution
and the diluted Nafion for 20 min at room temperature before spin
coating. The typical concentration of MoO,(acac), was 0.4 mg/mlL,
and the concentration of Nafion was kept at 0.1 wt % (diluted SO
times). The patterned ITO substrates were first cleaned with detergent
and then ultrasonicated in deionized water, acetone, and 2-propanol
for 10 min, respectively. After this, a sol—gel-prepared TiO, solution
was spin-coated on the cleaned ITO with a recipe reported
previously.®’ For the P3BHT:PC4,BM devices, the ortho-dichloroben-
zene solution of P3HT and PC¢BM (1:0.8 weight ratio) was spin-
coated on TiO, to form the active layer with a thickness of 200 nm
and then annealed at 130 °C for 10 min inside a nitrogen-filled
glovebox. To fabricate the PDPPST:PC,,BM devices, the ortho-
dichlorobenzene solution of PDPPST and PC,,BM (1:2 w/w) was
spin-coated on TiO, to form an 80 nm active layer. The Nafion-
modified MoO, HILs were then deposited on the active layers in a
glovebox with a spin speed of 1000 rpm. For comparison,
PEDOT:PSS or evaporated MoO; was also deposited on the active
layers as the HIL. PEDOT:PSS was modified by 2-propanol and 1-
butanol to get good wetting on P3HT:PC4,BM layer. Finally, a 150
nm thick layer of Ag was evaporated through a shadow mask defining
12 devices (each of 0.13 cm? area) on one substrate.

4.2. Instruments and Device Characterization. Digital images
were taken with an Olympus AX70 optical microscope in dark field
mode. AFM images were recorded using aPicoscan PicoSPM LE
scanning probe microscope in tapping mode. FT-IR spectra were
obtained in transmission using a Bruker Vertex 70 FT-IR spectrometer
equipped with a DTGS detector at a resolution of 4 cm™, and 32
scans were acquired in the spectral range of 4000—480 cm™'. XPS
experiments were performed on a Physical Electronics (PHI) S600LS
electron spectrometer, equipped with a small-spot X-ray source
providing monochromatized Al Ka photons (1486.6 eV) with
resolutions of <0.4 and 0.04 eV, respectively. The binding energy
scale was calibrated by means of an independent Au reference sample,
setting the Au 4£7/2 core-level position to 84.00 eV. Charged samples
were neutralized by means of a Kimball Physics Inc. ELG-2 electron
gun, using the C 1s core level (C—C bonds at 284.5 V) as reference.
The photovoltaic characteristics were measured under a nitrogen
atmosphere using a Keithley 2602A Source-Measure Unit and an Abet
solar simulator with 100 mW/cm? AM1.5G illumination, calibrated
with an ISE Fraunhofer certified Si photodiode.
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