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Abstract: The solution-processed and conductive MoO3–PEDOT:PSS (Mo–PPSS) composite layer in a
MoO3/Au/MoO3–PEDOT:PSS (MoAu/Mo–PPSS) multilayer electrode in ITO-free organic solar cells
(OSCs) was optimized in terms of electrical conductivity, interfacial contact quality, work function,
and process wettability of the conductive composite thin film. The surface composition of the
PEDOT:PSS film onto different electrodes was observed by using X-Ray Photoelectron Spectroscopy.
The PEDOT:PSS-MoO3 composite protects the dissolution of individual MoO3 with PEDOT:PSS,
which was confirmed by Auger Electron Spectroscopy. The UV-Visible spectroscopy showed that the
photoactive layer of P3HT:PCBM absorbs in the wavelength range of 300–650 nm with the maximum
absorption at 515 nm (2.40 eV). The device performance of 3.97% based on an MoAu/Mo–PPSS
conductive composite electrode exhibited comparable enhancement and only 6% enhancement
compared to an ITO-based electrode (3.91%). The enhancement of device efficiency was mainly
due to relatively higher conductivity, a low work function of the conductive metal oxide-metal-
metal oxide/polymer composite, and an enhancement of interfacial contact quality between the hole
transport layer (HTL) and the mixed organic polymeric photoactive layer. These results indicate that
the solution-processable Mo–PPSS conductive composite layer of the MoO3/Au multilayer electrode
can replace the ITO-based electrode in the bulk of heterojunction organic photovoltaics (OPVs).

Keywords: conductive composite; multilayer electrode; ITO-free; organic solar cells; MoO3

1. Introduction

Conductive and transparent electrodes are imperative for efficient organic optoelec-
tronic devices, such as organic solar cells (OSCs), organic thin film transistors (OTFTs), and
organic light-emitting diodes (OLEDs) [1,2]. Due to its higher transparency in the visible
wavelength range and good electrical conductivity, conventional indium tin oxide (ITO)
has been commonly used as a transparent conducting electrode in optoelectronic appli-
cations [3]. However, ITO has some intrinsic drawbacks as a conductive and transparent
electrode, due to its poor mechanical stability [4], the scarcity of indium [5–8], and the highly
expensive cost of high-temperature vacuum deposition methods for flexible electrodes [9].
For these reasons, promising ITO alternatives, such as carbon nanotubes [10], graphene [11],
roll-to-roll [12], conductive polymer transparent electrodes [13–16], semi-transparent elec-
trodes [17], and metallic nanowires [18], have been proposed as a transparent electrode.

Recently, one of the most common approaches applied to achieve the advantages of
high optical transmittances of the metal oxides (MOs), band offsets in the energy diagram,
and the magnificent conductivity of metals in the form of a thin metal layer between two
metal oxide layers (MO/M/MO) has been used for the replacement of ITO [19–24]. Due to
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their high transparency, high hole affinity, high work function (WF), and easy as well as sim-
ple solution process ability, the poly(3,4-ethylenedioxythiophene): poly(styrenesulfonate)
(PEDOT:PSS) thin films have been commonly used as the hole transport layer (HTL) [25,26].
However, the poor stability of conductive metal oxides (TCO) is due to contact with the
highly acidic and hygroscopic nature of PEDOT:PSS film, which might limit its applica-
tions to various devices by reducing the lifetime of the devices [27,28]. It has long been
assumed that the highly acidic nature of the PEDOT:PSS layer will etch away the un-
derlying metal oxides, therefore significantly reducing the prepared device performance,
and that the hygroscopicity of PEDOT:PSS is also detrimental to prepared device stabil-
ity [29,30]. To overcome these issues, some metal oxide thin layers, e.g., Molybdenum
trioxide (MoO3) [31], Zinc Oxide (ZnO) [32], and Vanadium pentoxide (V2O5) [33], have
been used to replace highly acidic and hygroscopic PEDOT:PSS in polymer solar cells
(PSCs). An Aluminum Oxide (Al2O3) interlayer was used as a protective layer to protect
the dissolution of thin layer MoO3 with the PEDOT:PSS layer, but the device performance
was only 2.77% in our previous work [28]. For low-cost and large-area deposition, the
solution-processed MoO3 is a promising candidate to be used as HTL in PSCs, as well
as other types of photovoltaic devices. The solution-processed MoO3 can be prepared
from acidic precursors [34], as well as from MoO3 and PEDOT:PSS composites [35,36].
Moreover, the poor conductivity of MoO3 is the main question for low-cost and large-area
applications [37]. Therefore, it is essential to develop easy solution-processable, highly
conductive composite materials (metal oxide/polymer) for efficient PSCs. Moreover, these
metal oxide/polymer composites can improve interfacial interaction and facilitate faster
and more effective charge transfers from the polymeric photoactive layers to the electrodes.

In the case of OSCs, the most popular and common active layer is either the bilayer
or heterogeneous mixture of poly(3-hexylthiophene) (P3HT) and fullerene derivative [6,6]
phenyl-C61-butyric acid methyl ester (PCBM), or non-fullerene PCBM. Among them,
heterogeneous mixtures are more favorable due to their rapid charge transfer and fewer
recombinations of excitons [13,38,39]. As a photoactive layer, fullerene or non-fullerene
PCBM [38,39] are commonly used with regioregular poly(3-hexylthiophene) (P3HT), where
P3HT acts as a photoactive electron donor due to its structural, photophysical, laminar
crystal structure that enables high hole mobility (>10−2 cm2/Vs) [40], despite the mismatch
of its absorption in the solar spectrum. To minimize the mismatch of P3HT absorption,
PCBM is commonly used due to its ball-like fully conjugated structures, which have
strong electron affinity and unipolar electron transport that promotes the delocalization of
electrons [41].

In this study, a solution-processable and unprejudiced MoO3–PEDOT:PSS conductive
composite (Mo–PPSS conductive) was utilized on the MoO3/Au (MoAu) structure to
fabricate a MoAu/Mo–PPSS conductive multilayer ITO-free electrode on the glass substrate,
and the conductivity, transmittance, work function, and elemental chemical composition
were investigated. The surface composition of the PEDOT:PSS film onto different electrodes
was studied by using X-ray Photoelectron Spectroscopy (XPS). The dissolution of individual
MoO3 with acidic PEDOT:PSS was prevented by utilizing an MoO3-PEDOT:PSS conductive
composite thin layer and confirmed by analyzing Auger Electron Spectroscopy (AES). The
work function of the optimized MoAu/Mo–PPSS conductive composite thin layer electrode
was measured at 4.87 eV, which is comparable to the ITO electrode of 4.8 eV [42] using
Kelvin Force Microcopy (KFM). We observed that the photoactive layer of P3HT:PCBM
absorbed in the UV-Visible wavelength range of 300–650 nm. The device performance of
3.97% based on MoAu/Mo–PPSS conductive composite electrode exhibited comparable
enhancement and just 6% enhancement compared to the ITO-based electrode (3.91%). The
low work function of the conductive composite, the enhancement of interfacial contact
quality between the hole transport layer and the photoactive layer, and the protection of
MoO3 dissolution with an acidic PEDOT:PSS layer indicated that the solution-processable
Mo–PPSS conductive composite layer on the MoO3/Au layer electrode could substitute
the ITO electrodes in the bulk of heterojunction organic photovoltaic cells.
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2. Experiment
2.1. Materials

Ammonium molybdate [((NH4)2MoO4), 99.98% trace metal basis], P3HT [(poly(3-
hexylthiophene)), regioregularity ≥ 90%], PCBM [(1-(3-methoxycarbonyl)-propyl-1-phenyl-
[6,6]C61), >99.9%, MW = 910.88 g/mole], and [o-dichlorobenzene (oDCB), anhydrous 99%]
were purchased from Sigma–Aldrich, while the PEDOT:PSS (Clevios P, Clevios P VP AI4083,
and Clevios PH 1000) were purchased from Heraeus, and Au-evaporating sludge (99.999%)
was purchased from iTASCO. The reagents were used without further purification.

2.2. Preparation of the Conductive M–PSS Composite

The Mo–PPSS conductive composite was prepared according to the previously pub-
lished work [43]. The Mo–PPSS conductive composite films were prepared by dissolving
0.5 g of ammonium molybdate (NH4)2MoO4 into 10.0 g of highly conductive PEDOT:PSS
(PH1000). During this process, the pH was adjusted up to 7.0 of the mixed solution and the
resulting solutions were vigorously stirred for around 1 h at 90 ◦C.

2.3. Device Fabrication

Figure 1 shows an ITO-free organic solar cell with an anodic electrode of MoAu/Mo–
PPSS in the MoO3/Au/Mo–PPSS(conductive)/PEDOT:PSS/P3HT:PCBM/LiF/Al device.
The glass substrates for OSCs device preparation were cleaned using piranha solution
(H2SO4:H2O2 4:1) for about 10 min, then the glasses were rinsed with deionized (DI) water,
and finally dried using N2 blow. The MoO3/Au bi-layers anodic electrodes were deposited
onto the clean glass substrates by sequential an electronic beam (e-beam) evaporation
using a designed shadow mask to create a patterned electrode on the glass substrate. The
substrates were kept at room temperature, while MoO3 and Au were deposited at rates of
(0.3 and 0.1) nm/s, respectively, maintaining a base pressure of 2× 10−6 Torr. The thickness
and deposition rate of these layers were measured using a quartz crystal microbalance
on an electron beam (e-beam) evaporator. Then, the Spin-coated conductive composite
thin film was deposited on top of the MoO3/Au layer by spinning at 3000 rpm for 60 s
for 10 min, followed by annealing at 120 ◦C. Spin-coated ca. 65-nm thick PEDOT: PSS
(Clevious P) HTL was deposited by spinning at 3000 rpm for 60 s, and annealed with a
hot plate at 110 ◦C for 10 min. A blended photoactive layer of ca. 200-nm thickness of
bulk-heterojunction (BHJ) films of P3HT and PCBM in oDCB solvent was spin-coated by
spinning at 600 rpm for 60 s at a weight ratio of 5:4. Then, the films were kept for 1 h inside
the nitrogen-filled glovebox to evaporate the solvent. Subsequently, a 0.3 nm LiF and 150
nm aluminum cathode was thermally deposited through a required designed shadow mask
with an active area of 6 mm2 at a base pressure of 2 × 10−7 Torr. Finally, the device was
completed through thermal post-annealing in a vacuum glove box at 150 ◦C for 15 min.
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In the case of standard ITO/PEDOT:PSS-based device formation, pattern indium-
doped tin oxide (ITO), with a thickness of 150 nm coated on glass (13 Ω/sq, FreeM Tech,
Hwaseong-si, Republic of Korea), was cleaned in an ultrasonic bath with organic solvents,
such as acetone, isopropanol, and was finally cleaned with deionized (DI) water for 10 min
each. After drying with N2 blow, an O3/ultraviolet was used on cleaned substrates for
30 min. The next layers of PEDOT:PSS HTL, photoactive layer, LiF, and Al were similarly
deposited as described above.

2.4. Characterization

Optical and absorption spectra of the resulting thin films were measured using UV-
visible spectrophotometry (UV-3150, Shimadzu Corp., Kyoto, Japan). The sheet resistance
of the prepared thin films was measured using a four-point probe (Chang-Min Tech Co.,
Ltd., Yatap, Republic of Korea). To observe the thicknesses and surface morphology of the
prepared thin films, field emission scanning electron microscopy (FE–SEM, Jeol-7401F, JEOL
Ltd., Tokyo, Japan) was utilized. The surface elemental composition of the composite layer
and PEDOT:PSS layer were studied and analyzed using (X-ray photoelectron spectroscopy
XPS, K–Alpha, Thermo Fisher Scientific, Massachusetts, United States). The measurements
were carried out with an Al source with a photon energy of 1486.6 eV. The depth profiles
of the prepared films were carried out by Auger electron spectroscopy (AES), using a
physical electronic PHI 680 Auger nanoprobe. The work functions of different prepared
electrodes were measured by Kelvin force microscopy (KFM) (PA400, Seiko, Instruments
Inc., Chiba, Japan). The resulting current density–voltage (J–V) curves of the devices
were analyzed under irradiation solar simulator 100 mW/cm2 illumination (AM 1.5 G) in
air. Monocrystalline silicon 54 standard solar cells were used to calibrate the illuminated
intensity of the light.

3. Results and Discussion

Conductive PEDOT:PSS polymer has positively charged PEDOT, and MoO3 has abso-
lute electronegativity. In the composite of MoO3–PEDOT:PSS, Mo in MoO3 and S in PEDOT
are bonded, and the resonant configuration of PEDOT chains transforms from a benzoid
structure to a quinoid structure, as shown in Figure 2, which progresses the interconnection
between the conducting PEDOT units. Therefore, this quinoid structure improves the
conductivity of the composite of the MoO3–PEDOT:PSS layer [36]. An electrochromic
composite film prepared by MoO3 and PEDOT:PSS both improve electron conduction, and
increase ion transport, as well as ion diffusion by modifying the cumulative configuration
of PEDOT. From our previous reports, this matches well with the existence of the Mo5+

valence electronic state formation from Mo6+ linked with the oxidation state of PEDOT [43],
which suggests that there is a chemical reaction between the MoO3 and PEDOT chains.
Meanwhile, charge transfer occurs between the MoO3 and PEDOT chains. The plausible
reactions are shown below:

PEDOT : PSS + MoO3 ( ( NH4 )2MoO4) → PEDOT + PSS + MoO−x ; x = ( 2 to 3 )
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PEDOT:PSS deposited onto various substrates has different interfacial contact qual-
ities to facilitate charge transfer at the interface of the electrode. Polymer materials, as a
hole transport layer of PEDOT:PSS, can be easily spin-coated onto the MoAu-(Mo–PPSS)
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conductive electrode. The polymeric HTL PEDOT:PSS has good interaction with the com-
posite of the Mo–PPSS layer on the MoO3-Au electrode, as both the layer contains aromatic
structures, i.e., benzoid and quinoid. This creates a smooth surface, leading to an improved
interfacial contact quality and thereby facilitating charge transfer at the electrode inter-
face, which can be explained by the deconvoluted results of the XPS analysis as shown in
Figures 3 and 4.
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An elemental surface composition profile of the PEDOT:PSS film onto different elec-
trodes was investigated by utilizing XPS, as displayed in Figure 3. Figure 3a–c shows the
raw peak, fitting peak, and the deconvoluted peak of the core level O 1s for PEDOT:PSS on
MoAuMo, MoAu/Mo–PEDOT:PSS, and MoAu-(Mo–PPSS) conductive composite, respec-
tively. All the spectra disclose three different intensity major peaks at a binding energy of
531 eV, which is well known for the O–S of PSS moiety, and both (532 and 533) eV are well
known for the C–O–C bond of PEDOT moiety in the case of PEDOT:PSS, respectively [42].
Comparatively, the surface PEDOT:PSS in different electrodes shows different intensities
of deconvoluted peaks. The MoAu/Mo–PPSS conductive composite electrode shows an
intense PEDOT peak and a reduced PSS peak, compared to the other electrodes. This
suggests that the alteration of electronic charge distribution along with the C–O–C bond of
the PEDOT occurred, due to the effect of the different interfaces on the different electrodes
and the structural transformation from a benzoid to a quinoid form. As the PSS moiety
is reduced, the acidity of the resulting composite is also reduced. Which leads to a more
stable interface with the electrode.

Figure 4a–c shows the raw peak, fitting peak, and the deconvoluted peak of the S 2p
core level for the PEDOT:PSS on MoAuMo, MoAu-(Mo–PPSS) composite, and MoAu/Mo–
PPSS conductive composite, respectively. The S 2p peak shows S 2p3/2 and S 2p1/2
spin-split doublet with 1.2 eV splitting energy, and thus these two peaks have a 1:2 in-
tensity ratio [45,46]. The peaks involved at (163.7 and 164.7) eV of the S 2p contribution
peaks belong to sulfur (S) atoms of the PEDOT, while the high binding energies peaks at
(167.7 and 168.9) eV correspond to PSS. The PSS shows a higher binding energy than the
PEDOT, due to the high electronegative oxygen attached to the S atom in the sulfonate
fragment of the PSS. On the other hand, in Figure 4c, the intensity of the S 2P from the
PSS moiety contribution remarkably decreases in contrast to the contribution from PEDOT,
which increases compared to the other PEDOT:PSS on different electrodes. This indicates
the quality control electrical contact film formed for PEDOT:PSS on the MoAu-(Mo–PPSS)
conductive composite [47]. It has been recognized that the hygroscopic and highly acidic
nature of PSS can easily absorb water, which results in the serious degradation of con-
ductivity, as well as the stability of organic optoelectronics with PEDOT:PSS electrode
devices [48,49]. The removal of insulating PSS from the upper part of the surface of the
PEDOT:PSS grains and the crystallization of PEDOT lead to the establishment of highly
conductive PEDOT-rich giant grains that enhance the transportation of charge carriers, as
well as increase the photovoltaic device performance of the P3HT:PCBM photoactive layer
cells by modifying the PEDOT:PSS layer [50].

The thin layer of MoO3 is often soluble in water, and when the acidic water-dispersed
PEDOT:PSS spin coats onto the MoAuMo electrode, as shown in Figure 5a,b the water-
dispersed PEDOT:PSS washes away to dissolve top MoO3 of MoAuMo structure. As a
result, the AES analysis results showed that only the upper portion of the Au-coated layer
had a nearly zero percent (atomic concentration) of MoO3 remaining, as is stated in a
prior article [43]. As shown in Figure 5b, the pH-neutral MoO3–PEDOT:PSS conductive
composite that was spin coated between MA and the acidic PEDOT:PSS (HTL) prevented
MoO3 from dissolving in the MoAu-(MoPPSS) conductive composite. As a result, as can be
seen in Figure 5b, some MoO3 was still present on top of the Au film shown by the AES
analysis. The remaining MoO3 can produce Mo6+ to Mo5+ with a tiny amount of vacancy
oxygen (MoO3

−). The resulting oxygen vacancies arise due to the transfer of Hx from the
acidic PEDOT:PSS to MoO3, which tends to form Hx MoO3 when the conductive composite
of MoO3–PEDOT:PSS was prepared [28,51]. The transformation of Mo6+ to Mo5+ helps to
decrease the work function of the composite, which is shown in Figure 6.
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Figure 6. Schematic energy band diagram of experimental organic solar cells.

The work function is the representation of the energetic requirements for adding or
withdrawing an electron from or to a solid for charge exchange. Hence, different elec-
trodes’ work function were measured by utilizing Kelvin force microscopy (KFM) (Seiko,
PA400, Japan). The conductive MoAu-(Mo–PPSS) composite electrode work function was
measured at 4.87 eV, which is comparable with the reported ITO electrode value of 4.8 eV,
as shown in Figure 6. The minimum adjustment of active components energy levels is
essential for the MoAu-(Mo–PPSS) composite electrode in the replacement of the ITO anode
in photovoltaic devices. Generally, low cation oxidation states have the effect of reducing
the work function of an oxide [52]. In the case of the composite formation of Mo6+ being
reduced to Mo5+, that is why the composite electrode WF decreases to 4.87 eV. Moreover,
the WF of PEDOT:PSS HTL onto the composite was 5.38 eV, which aligns with that of the
anode and the highest occupied orbital (HOMO) energy level of the absorber P3HT:PCBM,
and hence, enhances the extraction of holes from the photoactive layer to the anode. This
higher rate of charge transfer leads to lower recombination rates. Hence, overall device
performance improves.
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High transparency is an important prerequisite for the function of solar cells, which
depends on photoactive layer absorption. Hence, to create an efficient organic solar cell,
an anode with high transparency is essential. To characterize the optical characteristics
of the ITO-free conductive MoAu-(Mo–PPSS) composite electrode, the transmittances of
the conductive MoAu-(Mo–PPSS) composite electrode with various thicknesses of the
conductive composite film were measured utilizing UV-Visible spectrophotometry, as
displayed in Figure 7a. The MoAu/Mo–PPSS (3000 rpm) electrode exhibits excellent
transparency (~78%) in the full spectrum range, as shown in Figure 7a. In the wavelength
range of 500–650 nm, which is the main absorption region of P3HT, the transmission of
both the MoAu-(Mo–PPSS) (3000 rpm) electrode and MoAuMo electrode were similar.
The transmission of the Mo–PPSS film gradually decreases with thickness. Therefore, we
optimized the thickness of 54 nm for the MoAu/Mo–PPSS conductive composite film by
using FE-SEM for the consequent device formation. Conductivity was observed for the 54-
nm thick MoAu/Mo–PPSS conductive composite, as well as the 150-nm thick commercial
ITO electrode. The conductivity of electrodes was calculated from the sheet resistance and
the thickness using the simple equation as follows:

Conductivity =
1

Resistivity
=

1
Rs·t

(1)

where Rs and t are the sheet resistance of the film measured using a four-point probe and
the thickness of the film, respectively. The sheet resistance of 13 ohm/sq. for the commercial
ITO electrode was measured using a four-point probe, and the conductivity of 512 S/cm
was calculated for 150 nm ITO using Equation (1). The conductivity of the ITO electrode is
still 2.70 times larger compared to the conductive MoAu-(Mo–PPSS) composite electrode.
However, the reasonable conductivity of 190 S/cm and excellent transparency (~78%) in the
full spectrum range of MoAu/Mo–PPSS conductive electrode showed suitable replacement
with ITO electrode. The 54 nm thick MoAu/Mo–PPSS conductive composite film showed
comparable conductivity and transmittance in comparison to the ITO electrode. Deter-
mining the absorbance of the photoactive layer is an essential criterion for photovoltaics.
Figure 7b shows UV-Vis absorption spectra of the P3HT:PCBM photoactive layer on the
different electrodes. The photoactive layer absorbs in the range of 300–650 nm and the
maximum absorption is observed at 515 nm (2.40 eV). There is a local peak at 335 nm, influ-
enced by the PCBM in the blend with P3HT, and three other peaks at 515 nm, 550 nm, and
602 nm, due to the appearance of P3HT. These peaks were in the same absorption ranges
and were consistent with published data [53,54]. Maximum absorption was observed at
515 nm wavelength for ITO/PEDOT:PSS electrode and comparatively less absorption was
observed for MoAu/Mo–PPSS in the same wavelength. MoAuMo/PEDOT:PSS showed the
lowest absorption as PEDOT:PSS deteriorates the MoO3 layer on the MoO3/Au electrode.
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Figure 8 presents the current-voltage characteristics of the devices under 1.5 G ir-
radiation (100 mW/cm2) using different electrodes, while Table 1 tabulates the calcu-
lated device parameters. Both the shunt and the series resistances (Rsh and Rs) were
calculated using the inverse slope values of the J–V curves at a voltage of (0.0 and
1.5) V, respectively [55]. The highest Rs of (22.21 ± 1.66 Ω cm2) with the lowest Rsh
of (18.25 ± 0.95 Ω cm2) were obtained for the MoAuMo/PEDOT:PSS composite electrode-
based device. On the other hand, the lowest Rs of (11.70 ± 0.57 Ω cm2) with acceptable Rsh
of (313.00 ± 0.63 Ω cm2) were obtained for the MoAu/Mo–PPSS conductive composite
electrode-based device. The highest current density (Jsc) of 12.47 ± 0.18 mA/cm2 and high-
est Rsh of (576.00 ± 0.50 Ω cm2) were observed for the ITO/PEDOT:PSS-based device. The
fabricated devices with ITO/PEDOT:PSS and ITO-free MoAuMo/PEDOT:PSS exhibited a
Power Conversion Efficiency (PCE) of (2.89 and 1.84)%, respectively. The low efficiency of
the MoAuMo/PEDOT:PSS was due to the removal of the top MoO3 by the reaction between
the acidic and hygroscopic PEDOT:PSS and MoO3 [24], and the low Jsc was due to less
absorption in the photoactive P3HT:PCBM layer on the MoAuMo/PEDOT:PSS electrode,
as shown in Figure 7b. In addition, the fill factor (FF) was reduced due to the high series
resistance, which also significantly impacted the reduction in the current density. On the
other hand, the MoAu/Mo–PPSS conductive composite electrode-based device exhibited
a PCE of 3.97%, with a high Voc of 0.64 V compared to the ITO electrode-based device
(Voc = 0.60 V). The enhancement of Voc for the MoAu/Mo–PPSS conductive composite
electrode might be due to the tuning of the WF of HTLs, which was well matched with the
deep HOMO-level small molecule donor materials [56]. The highest standard deviation
(SD) of Jsc (±0.49 mA/cm2), Rsh (±0.95 Ω cm2), and Rs (±1.66 Ω cm2) was obtained for the
MoAuMo/PEDOT:PSS electrode-based device. This is because the corrosion of the MoO3
thin film by acidic as well as hygroscopic PEDOT:PSS is uncontrolled. Whereas the SD
of MoAu/M-PSS electrode-based devices are less and similar to the ITO electrode-based
devices, as conductive Mo–PPSS and PEDOT:PSS HTL layers form stable, smooth, and
favorable interfaces.
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Table 1. Photovoltaic device performance parameters for ITO-based and ITO-free MoO3/Au/Mo–
PPSS composites with different conductivity-based electrodes. SD denotes the standard deviation
and SD calculated from four devices.

Jsc
mA/cm2

VOC
V

FF
%

H
%

Rsh
Ω cm2

Rs
Ω cm2

ITO/PEDOT:PSS 12.47 ± 0.18 0.60 ± 0.01 0.52 ± 0.01 3.91 ± 0.02 576.00 ± 50 12.86 ± 0.44
MoAuMo/PEDOT:PSS 7.75 ± 0.49 0.55 ± 0.02 0.43 ± 0.02 1.84 ± 0.05 18.25 ± 95 22.21 ± 1.66

MoAu/M-PSS
Composite 10.25 ± 0.39 0.61 ± 0.01 0.45 ± 0.01 2.81 ± 0.10 165.57 ± 75 13.48 ± 0.84

MoAu/Mo–PPSS
Conductive Composite 11.99 ± 0.19 0.64 ± 0.01 0.52 ± 0.01 3.97 ± 0.03 313.00 ± 63 11.70 ± 0.57

4. Conclusions

In conclusion, the ITO electrode was replaced by using solution-process spin-coated
MoO3–PEDOT:PSS conductive composite on MoO3/Au multilayers, and their optical as
well as electrical properties were investigated. An elemental composition of the hole
transport PEDOT:PSS layer was investigated using XPS analysis, and the effects of water
dispersal and acidic PEDOT:PSS were examined by AES analysis. A conductive composite
MoO3/Au/MoO3–PPSS electrode work function of 4.87 eV was measured using KFM,
which was similar to the reported ITO electrode of 4.8 eV [40]. From UV-Visible spec-
troscopy measurements, we observed that the P3HT:PCBM photoactive layer absorbs in
the UV-Vis wavelength range of 300–650 nm, and maximum absorption was observed
at 515 nm. A PCE of 3.97% based on the MoO3/Au/Mo–PPSS conductive composite
electrode presented a comparable 6% enhancement compared to the ITO-based electrode
(3.91%). The enhancement of PCE based on the conductive composite electrode was mainly
due to the high conductivity, interfacial contact quality, and low work function of the
conductive layer. Thus, this conductive and solution-processed-based multilayer composite
electrode was determined to be a promising replacement electrode for ITO-free organic
optoelectronic devices.

Author Contributions: Conceptualization, methodology, software, M.M. and R.A.; validation, formal
analysis, and investigation, M.M., R.A. and M.A.K.S.; data curation, writing—review and editing,
M.M., R.A, M.A.K.S. and S.S.; writing—original draft preparation, M.M., R.A. and M.A.K.S.; visual-
ization, writing—review and editing, and supervision, J.L. All authors have read and agreed to the
published version of the manuscript.

Funding: This study was performed with a research grant from the National Research Foundation of
Korea (NRF) sponsored by the Ministry of Science and ICT of the Republic of Korea (grant number:
2022R1A5A7000765).

Data Availability Statement: All data associated with the study are available in the manuscript.

Conflicts of Interest: Regarding the publishing of this work, the authors state that they have no
conflict of interest.

References
1. Cao, W.; Li, J.; Chen, H.; Xue, J. Transparent electrodes for organic optoelectronic devices: A review. J. Photonics Energy 2014,

4, 040990. [CrossRef]
2. Yao, H.; Hou, J. Recent Advances in Single-Junction Organic Solar Cells. Angew. Chem. 2022, 134, e202209021. [CrossRef]
3. Lopéz, I.P.; Cattin, L.; Nguyen, D.T.; Morsli, M.; Bernède, J.C. Dielectric/metal/dielectric structures using copper as metal and

MoO3 as dielectric for use as transparent electrode. Thin Solid Films 2012, 520, 6419–6423. [CrossRef]
4. Williams, C.D.; Robles, R.O.; Zhang, M.; Li, S.; Baughman, R.H.; Zakhidov, A.A. Multiwalled carbon nanotube sheets as

transparent electrodes in high brightness organic light-emitting diodes. Appl. Phys. Lett. 2008, 93, 183506. [CrossRef]
5. Krebs, F.C. All solution roll-to-roll processed polymer solar cells free from indium-tin-oxide and vacuum coating steps. Org.

Electron. 2009, 10, 761–768. [CrossRef]
6. Espinosa, N.; Garcia-Valverde, R.; Urbina, A.; Krebs, F.C. A life cycle analysis of polymer solar cell modules prepared using

roll-to-roll methods under ambient conditions. Sol. Energy Mater. Sol. Cells 2011, 95, 1293–1302. [CrossRef]

http://doi.org/10.1117/1.JPE.4.040990
http://doi.org/10.1002/ange.202209021
http://doi.org/10.1016/j.tsf.2012.06.056
http://doi.org/10.1063/1.3006436
http://doi.org/10.1016/j.orgel.2009.03.009
http://doi.org/10.1016/j.solmat.2010.08.020


Processes 2023, 11, 594 11 of 12

7. Espinosa, N.; Hösel, M.; Angmo, D.; Krebs, F.C. Solar cells with one-day energy payback for the factories of the future. Energy
Environ. Sci. 2012, 5, 5117–5132. [CrossRef]

8. Angmo, D.; Krebs, F.C. Flexible ITO-free polymer solar cells. J. Appl. Polym. Sci. 2013, 129, 1–14. [CrossRef]
9. Azani, M.R.; Hassanpour, A.; Torres, T. Benefits, problems, and solutions of silver nanowire transparent conductive electrodes in

indium tin oxide (ITO)-free flexible solar cells. Adv. Energy Mater. 2020, 10, 2002536. [CrossRef]
10. Hecht, D.S.; Hu, L.; Irvin, G. Emerging transparent electrodes based on thin films of carbon nanotubes, graphene, and metallic

nanostructures. Adv. Mater. 2011, 23, 1482–1513. [CrossRef]
11. An, T.; Cheng, W. Recent progress in stretchable supercapacitors. J. Mater. Chem. A 2018, 6, 15478–15494. [CrossRef]
12. Bae, S.; Kim, H.; Lee, Y.; Xu, X.; Park, J.S.; Zheng, Y.; Kim, Y.J. Roll-to-roll production of 30-inch graphene films for transparent

electrodes. Nat. Nanotechnol. 2010, 5, 574. [CrossRef] [PubMed]
13. Rahman, M.A.; Rahim, A.; Maniruzzaman, M.; Yang, K.; Lee, C.; Nam, H.; Lee, J. ITO-free low-cost organic solar cells with highly

conductive poly (3,4 ethylenedioxythiophene): P-toluene sulfonate anodes. Sol. Energy Mater. Sol. Cells 2011, 95, 3573–3578.
[CrossRef]

14. Ali, M.A.; Wu, K.H.; McEwan, J.; Lee, J. Translated structural morphology of conductive polymer nanofilms synthesized by vapor
phase polymerization. Synth. Met. 2018, 244, 113–119. [CrossRef]

15. Yang, K.; Maniruzzaman, M.; Rahman, M.A.; Abdur, R.; Jeong, K.; Nam, H.S.; Lee, J. ITO-free organic solar cell with an PEDOT:
PTS/Au/TiO2 grid hybrid electrode as a transparent anode. Curr. Appl. Phys. 2015, 15, S2–S7. [CrossRef]

16. Song, W.; Fan, X.; Xu, B.; Yan, F.; Cui, H.; Wei, Q.; Ge, Z. All-solution-processed metal-oxide-free flexible organic solar cells with
over 10% efficiency. Adv. Mater. 2018, 30, 1800075. [CrossRef]

17. Lu, X.; Zhang, Y.; Zheng, Z. Metal-Based Flexible Transparent Electrodes: Challenges and Recent Advances. Adv. Electron. Mater.
2021, 7, 2001121. [CrossRef]

18. Lee, S.; Jang, J.; Park, T.; Park, Y.M.; Park, J.S.; Kim, Y.K.; Chung, C.H. Electrodeposited silver nanowire transparent conducting
electrodes for thin-film solar cells. ACS Appl. Mater. Interfaces 2020, 12, 6169–6175. [CrossRef]

19. Kumar, A.; Zhou, C. The race to replace tin-doped indium oxide: Which material will win? ACS Nano 2010, 4, 11–14. [CrossRef]
20. Tao, C.; Xie, G.; Liu, C.; Zhang, X.; Dong, W.; Meng, F.; Chen, W. Semitransparent inverted polymer solar cells with

MoO3/Ag/MoO3 as transparent electrode. Appl. Phys. Lett. 2009, 95, 206. [CrossRef]
21. Sang-Hwi, L.; Han-Ki, K. Deposition rate effect on optical and electrical properties of thermally evaporated WO3−x/Ag/WO3−x

multilayer electrode for transparent and flexible thin film heaters. Sci. Rep. 2020, 10, 8357.
22. Xie, H.; Liang, T.; Yin, X.; Liu, J.; Liu, D.; Wang, G.; Que, W. Mechanical Stability Study on PEDOT: PSS-Based ITO-Free Flexible

Perovskite Solar Cells. ACS Appl. Energy Mater. 2022, 5, 3081–3091. [CrossRef]
23. Lee, C.Y.; Chen, Y.M.; Deng, Y.Z.; Kuo, Y.P.; Chen, P.Y.; Tsai, L.; Lin, M.Y. Yb: MoO3/Ag/MoO3 multilayer transparent top cathode

for top-emitting green quantum dot light-emitting diodes. Nanomaterials 2020, 10, 663. [CrossRef] [PubMed]
24. Maniruzzaman, M.; Lim, C.H.; Yang, K.; Lee, C.; Nam, H.S.; Lee, J. Indium tin oxide-free PEDOT: PSS/SAM/MoO3/Au/MoO3

multilayer electrodes for organic solar cells. J. Nanosci. Nanotechnol. 2014, 14, 7779–7783. [CrossRef] [PubMed]
25. Ali, M.A.; Wu, K.H.; Lee, J. Solid-state synthesis of conductive polymer PEDOT whiskers. Synth. Met. 2023, 292, 117239.

[CrossRef]
26. Ochiai, S.; Kumar, P.; Santhakumar, K.; Shin, P.K. Examining the effect of additives and thicknesses of hole transport layer for

efficient organic solar cell devices. Electron. Mater. Lett. 2013, 9, 399–403. [CrossRef]
27. Azuma, K.; Sakajiri, K.; Matsumoto, H.; Kang, S.; Watanabe, J.; Tokita, M. Facile fabrication of transparent and conductive

nanowire networks by wet chemical etching with an electrospun nanofiber mask template. Mater. Lett. 2014, 115, 187–189.
[CrossRef]

28. Maniruzzaman, M.; Rahman, M.A.; Jeong, K.; Nam, H.S.; Lee, J. ITO free MoO3/Au/MoO3 structures using Al2O3 as protective
barrier between MoO3 and PEDOT: PSS in organic solar cells. Renew. Energ. 2014, 71, 193–199. [CrossRef]

29. Oh, I.S.; Kim, G.M.; Han, S.H.; Oh, S.Y. PEDOT: PSS-free organic photovoltaic cells using tungsten oxides as buffer layer on
anodes. Electron. Mater. Lett. 2013, 9, 375–379. [CrossRef]

30. Shrotriya, V.; Li, G.; Yao, Y.; Chu, C.W.; Yang, Y. Transition metal oxides as the buffer layer for polymer photovoltaic cells. Appl.
Phys. Lett. 2006, 88, 073508. [CrossRef]

31. Voroshazi, E.; Verreet, B.; Buri, A.; Müller, R.; Di Nuzzo, D.; Heremans, P. Influence of cathode oxidation via the hole extraction
layer in polymer: Fullerene solar cells. Org. Electron. 2011, 12, 736–744. [CrossRef]

32. Sharma, V.; Kumar, P.; Kumar, A.; Asokan, K.; Sachdev, K. High-performance radiation stable ZnO/Ag/ZnO multilayer
transparent conductive electrode. Sol. Energy Mater. Sol. Cells 2017, 169, 122–131. [CrossRef]

33. Zilberberg, K.; Trost, S.; Schmidt, H.; Riedl, T. Solution processed vanadium pentoxide as charge extraction layer for organic solar
cells. Adv. Energy Mater. 2011, 1, 377–381. [CrossRef]

34. Liu, F.; Shao, S.; Guo, X.; Zhao, Y.; Xie, Z. Efficient polymer photovoltaic cells using solution-processed MoO3 as anode buffer
layer. Sol. Energy Mater. Sol. Cells 2010, 94, 842–845. [CrossRef]

35. Lee, M.H.; Choi, W.H.; Zhu, F. Solution-processable organic-inorganic hybrid hole injection layer for high efficiency phosphores-
cent organic light-emitting diodes. Optics Express 2016, 24, A592–A603. [CrossRef]

36. Lee, M.H.; Chen, L.; Li, N.; Zhu, F. MoO3-induced oxidation doping of PEDOT: PSS for high performance full-solution-processed
inverted quantum-dot light emitting diodes. J. Mater. Chem. C 2017, 5, 10555–10561. [CrossRef]

http://doi.org/10.1039/C1EE02728J
http://doi.org/10.1002/app.38854
http://doi.org/10.1002/aenm.202002536
http://doi.org/10.1002/adma.201003188
http://doi.org/10.1039/C8TA03988G
http://doi.org/10.1038/nnano.2010.132
http://www.ncbi.nlm.nih.gov/pubmed/20562870
http://doi.org/10.1016/j.solmat.2011.09.019
http://doi.org/10.1016/j.synthmet.2018.07.007
http://doi.org/10.1016/j.cap.2015.01.010
http://doi.org/10.1002/adma.201800075
http://doi.org/10.1002/aelm.202001121
http://doi.org/10.1021/acsami.9b17168
http://doi.org/10.1021/nn901903b
http://doi.org/10.1063/1.3196763
http://doi.org/10.1021/acsaem.1c03696
http://doi.org/10.3390/nano10040663
http://www.ncbi.nlm.nih.gov/pubmed/32252329
http://doi.org/10.1166/jnn.2014.9454
http://www.ncbi.nlm.nih.gov/pubmed/25942865
http://doi.org/10.1016/j.synthmet.2022.117239
http://doi.org/10.1007/s13391-013-0013-5
http://doi.org/10.1016/j.matlet.2013.10.054
http://doi.org/10.1016/j.renene.2014.05.040
http://doi.org/10.1007/s13391-013-0003-7
http://doi.org/10.1063/1.2174093
http://doi.org/10.1016/j.orgel.2011.01.025
http://doi.org/10.1016/j.solmat.2017.05.009
http://doi.org/10.1002/aenm.201100076
http://doi.org/10.1016/j.solmat.2010.01.004
http://doi.org/10.1364/OE.24.00A592
http://doi.org/10.1039/C7TC03700G


Processes 2023, 11, 594 12 of 12

37. Murase, S.; Yang, Y. Solution processed MoO3 interfacial layer for organic photovoltaics prepared by a facile synthesis method.
Adv. Mater. 2012, 24, 2459–2462. [CrossRef]

38. Wang, Y.; Wang, T.; Chen, J.; Kim, H.D.; Gao, P.; Wang, B.; Iriguchi, R.; Ohkita, H. Quadrupolar D–A–D diketopyrrolopyrrole-based
small molecule for ternary blend polymer solar cells. Dyes Pigm. Mater. 2018, 158, 213–218. [CrossRef]

39. Otieno, F.; Kotane, L.; Airo, M.; Erasmus, R.M.; Billing, C.; Wamwangi, D.; Billing, D.G. Comparative investigation of fullerene
PC71BM and non-fullerene ITIC-Th acceptors blended with P3HT or PBDB-T donor polymers for PV applications. Front. Energy
Res. 2021, 9, 640664. [CrossRef]

40. Qin, Y.; Uddin, M.A.; Chen, Y.; Jang, B.; Zhao, K.; Zheng, Z.; Yu, R.; Shin, T.J.; Woo, H.Y.; Hou, J. Highly efficient fullerene-free
polymer solar cells fabricated with polythiophene derivative. Adv. Mater. 2016, 28, 9416–9422. [CrossRef]

41. Gélinas, S.; Rao, A.; Kumar, A.; Smith, S.L.; Chin, A.W.; Clark, J.; van der Poll, T.S.; Bazan, G.C.; Friend, R.H. Ultrafast long-range
charge separation in organic semiconductor photovoltaic diodes. Science 2014, 3436170, 512–516. [CrossRef]

42. Briggs, D.; Beamson, G. XPS studies of the oxygen 1s and 2s levels in a wide range of functional polymers. Anal. Chem. 1993, 65,
1517–1523. [CrossRef]

43. Maniruzzaman, M.; Rahman, M.A.; Jeong, K.; Lee, J. MoO3/Au/MoO3–PEDOT: PSS multilayer electrodes for ITO-free organic
solar cells. Mater. Sci. Semicond. Process. 2014, 27, 114–120. [CrossRef]

44. Kukhta, N.A.; Marks, A.; Luscombe, C.K. Molecular design strategies toward improvement of charge injection and ionic
conduction in organic mixed ionic-electronic conductors for organic electrochemical transistors. Chem. Rev. 2022, 122, 4325–4355.
[CrossRef]

45. Castner, D.G.; Hinds, K.; Grainger, D.W. X-ray photoelectron spectroscopy sulfur 2p study of organic thiol and disulfide binding
interactions with gold surfaces. Langmuir 1996, 12, 5083–5086. [CrossRef]

46. Scofield, J.H. Hartree-Slater subshell photoionization cross-sections at 1254 and 1487 eV. J. Electron Spectrosc. Relat. Phenom. 1976,
8, 129–137. [CrossRef]

47. Farah, A.A.; Rutledge, S.A.; Schaarschmidt, A.; Lai, R.; Freedman, J.P.; Helmy, A.S. Conductivity enhancement of poly (3,4-
ethylenedioxythiophene)-poly (styrenesulfonate) films post-spincasting. J. Appl. Phys. 2012, 112, 113709. [CrossRef]

48. Kim, Y.H.; Sachse, C.; Machala, M.L.; May, C.; Müller-Meskamp, L.; Leo, K. Highly conductive PEDOT: PSS electrode with
optimized solvent and thermal post-treatment for ITO-free organic solar cells. Adv. Funct. Mater. 2011, 21, 1076–1081. [CrossRef]

49. Fehse, K.; Meerheim, R.; Walzer, K.; Leo, K.; Lövenich, W.; Elschner, A. Lifetime of organic light emitting diodes on polymer
anodes. Appl. Phys. Lett. 2008, 93, 312. [CrossRef]

50. Lim, E. Enhanced photovoltaic performance of P3HT: PCBM cells by modification of PEDOT: PSS layer. Mol. Cryst. Liq. Cryst.
2013, 585, 53–59. [CrossRef]

51. Xie, F.; Choy, W.C.; Wang, C.; Li, X.; Zhang, S.; Hou, J. Low-temperature solution-processed hydrogen molybdenum and
vanadium bronzes for an efficient hole-transport layer in organic electronics. Adv. Mater. 2013, 25, 2051–2055. [CrossRef]

52. Greiner, M.T.; Chai, L.; Helander, M.G.; Tang, W.M.; Lu, Z.H. Transition metal oxide work functions: The influence of cation
oxidation state and oxygen vacancies. Adv. Funct. Mater. 2012, 22, 4557–4568. [CrossRef]

53. Friend, R.H.; Gymer, R.W.; Homes, A.B.; Burroughes, J.H.; Marks, R.N.; Taliani, C.; Bradley DD, C.; Dos Santos, D.A.; Brédas, J.L.;
Lögdlund, M.; et al. Electroluminescence in conjugated polymers. Nature 1999, 3976715, 121–128. [CrossRef]

54. Foe, K.; Namkoong, G.; Samson, M.; Younes, E.M.; Nam, I.; Abdel-Fattah, T.M. Stability of high band gap P3HT:PCBM organic
solar cells using TiOx interfacial layer. Int. J. Photoenergy 2014, 2014, 1–6. [CrossRef]

55. Charles, J.P.; Abdelkrim, M.; Muoy, Y.H.; Mialhe, P. A practical method of analysis of the current-voltage characteristics of solar
cells. Solar Cells 1981, 4, 169–178. [CrossRef]

56. Cheng, J.; Xie, F.; Liu, Y.; Wei, E.I.; Li, X.; Yang, Y.; Choy, W.C. Efficient hole transport layers with widely tunable work function
for deep HOMO level organic solar cells. J. Mater. Chem. A 2015, 3, 23955–23963. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1002/adma.201104771
http://doi.org/10.1016/j.dyepig.2018.05.048
http://doi.org/10.3389/fenrg.2021.640664
http://doi.org/10.1002/adma.201601803
http://doi.org/10.1126/science.1246249
http://doi.org/10.1021/ac00059a006
http://doi.org/10.1016/j.mssp.2014.06.034
http://doi.org/10.1021/acs.chemrev.1c00266
http://doi.org/10.1021/la960465w
http://doi.org/10.1016/0368-2048(76)80015-1
http://doi.org/10.1063/1.4768265
http://doi.org/10.1002/adfm.201002290
http://doi.org/10.1063/1.2975369
http://doi.org/10.1080/15421406.2013.849494
http://doi.org/10.1002/adma.201204425
http://doi.org/10.1002/adfm.201200615
http://doi.org/10.1038/16393
http://doi.org/10.1155/2014/784724
http://doi.org/10.1016/0379-6787(81)90067-3
http://doi.org/10.1039/C5TA06878A

	Introduction 
	Experiment 
	Materials 
	Preparation of the Conductive M–PSS Composite 
	Device Fabrication 
	Characterization 

	Results and Discussion 
	Conclusions 
	References

