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ABSTRACT: In this study, we report the growth of
molybdenum oxide (MoOx) film by polymer-assisted deposi-
tion (PAD), an environmentally friendly strategy in an
aqueous system. The MoOx film has good crystal quality
and is dense and smooth. The transparency of the film is >95%
in the wavelength range of 300−900 nm. The device based on
P3HT:PCBM absorber material was fabricated. The solar cell
with PAD-MoOx as an anode interfacial layer exhibits great
performance, even better than that of a solar cell with
PEDOT:PSS or evaporated MoOx as an anode interfacial layer.
More importantly, the solar cells based on the growth of
MoOx have a longer term stability than that of solar cells based on PEDOT:PSS. These results demonstrate the aqueous PAD
technology provides an alternative strategy not only for the thin films’ growth of applied materials but also for the solution
processing for the low-cost fabrication of future materials to be applied in the field of solar cells.
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■ INTRODUCTION

Transition metal oxides,1 such as molybdenum oxide,2−4

vanadium oxide,5 tungsten oxide,6,7 zinc oxide,8,9 nickel
oxide,10 germanium dioxide,11 and so on, are emerging as
important materials due to their optical and semiconducting
properties. In particular, molybdenum oxide is one of the most
promising materials for practical applications due to its
nontoxic and cost-effective synthesis. Therefore, it is widely
applied in optically switchable coating,5,12 gas sensors,13

electrochromic device (ECD) catalysis,14 lithium ion bat-
teries,15 solar cells,16−18 and so on. Until now, physical methods
such as pulsed laser deposition,19 electron beam evaporation,20

radio frequency (RF) sputtering21 and sublimation22−25 have
been explored to prepare molybdenum oxide films. Sublimation
is widely used to deposit MoO3 film, and for example, Ferroni
et al. have successfully sublimated MoO3 flakes on a porous
W−Mo−O film;22 Atuchin et al. reported high-quality α-MoO3
single crystals have been grown by sublimation in air
atmosphere.23 Development of alternative approaches involving
low-cost and large-area deposition of such films has attracted
great attention. Polymer-assisted deposition (PAD) is an
aqueous chemical solution method for thin film growth,
which has been successfully developed to prepare single
element materials,26 metal oxides,27 and metal carbides

films.28,29 There are several advantages for growing high-quality
films. First, the polymer binds the metal ions by electrostatic
attraction, hydrogen bonding, covalent bonding, or a
combination thereof, and form the metal complex; meanwhile,
the high molecular polymer will remove the unwanted anions
or cations by filtering. Second, the precursor is environmentally
friendly in aqueous systems. Third, the film prepared by PAD is
dense, smooth, and uniform without visible cracks or voids.26 In
comparison with PAD, the typical sol−gel process utilizes the
hydrolysis of metal alkoxide to form sol−gel and then grow the
final films. On the contrary, the polymer-assisted deposition
prevents the metal ion hydrolysis by combining the metal ions
with polymer to form a stable precursor solution and then
control the material growth in a molecular level, resulting in the
high-quality film. In this study, we have utilized PAD method to
grow molybdenum oxide film.
It is well-known that inserting an anode interfacial layer as

hole selective layer between the anode and the active layer to
minimize the hole extraction barriers is an excellent way to
improve the performance of the organic solar cells. Poly(3,4-

Received: September 16, 2014
Accepted: December 23, 2014
Published: December 23, 2014

Research Article

www.acsami.org

© 2014 American Chemical Society 18218 DOI: 10.1021/am506367g
ACS Appl. Mater. Interfaces 2015, 7, 18218−18224

www.acsami.org
http://dx.doi.org/10.1021/am506367g


ethylenedioxythiophene):poly(styrenesulfonate) (PE-
DOT:PSS) has been commonly employed as an anode
interfacial layer for organic solar cells. However, the
PEDOT:PSS solution corrodes the indium tin oxide (ITO)
surface in the cell due to the acidic (pH = 1)16,30 and
hygroscopic nature31 that results in deterioration of the solar
cell performance. Thus, it is important to find a stable and
friendly anode interfacial material to replace the PEDOT:PSS
in organic solar cells. It should be noted that molybdenum
oxide has good hole mobility, chemical stability, and trans-
parency in the visible light.16,32 According to previous
reports,17,33−36 molybdenum oxide might possess a shallow
ionization potential of ∼5.3 eV and electron affinity of ∼2.2 eV,
its high work function is found to pin the Femi-level of the
electrode, although the value of work function is dependant on
the cation oxidation state. Therefore, this material has a great
potential to be used as a hole selective layer in solar cells. Until
now, the solar cell based on MoO3 hole transport layer
exhibited PCEs from 2 to 4%9,30,37 in the poly(3-
hexylthiophene):phenyl-C61-butyric acid methyl ester
(P3HT:PCBM) composite active layer. Herein, we have also
attempted to incorporate as-grown MoOx film into the organic
solar cell: ITO/MoOx/P3HT:PCBM/LiF/Al. The experimen-
tal results show not only that the as-grown molybdenum oxide
film can be used as a semiconducting material but also that the
PAD technique has great significance in solution processing of
photovoltaic devices.

■ EXPERIMENTAL SECTION
Preparation of Molybdenum Oxide Films by PAD. To grow

molybdenum oxide films, we utilized a two-step method: (1) the
polyethylenimine (PEI) and ethylenediaminetetraacetic acid (EDTA)
were used to bind the Mo ions and form the homogeneous polymeric
precursor, and (2) the molybdenum precursor solution was spin-
coated onto the (001) LaAlO3 (LAO) substrate followed by annealing
in air. To prepare the stable precursor of Mo, we added 2 g of
ammonium molybdate ((NH4)6Mo7O24·4H2O) into a solution that
included 2 g of EDTA and 40 mL of deionized water (DI-water),
followed by the dropwise addition of 2 g of PEI in the solution. After
continuous stirring for few minutes, the solution was filtered by
Amicon ultrafiltration with a molecular weight of <10 000 g mol−1

several times. Finally, the obtained precursor solution was diluted to a
concentration of 0.48 mol L−1.
Device Fabrication. The device structure (ITO/MoOx/

P3HT:PCBM/LiF/Al) of the solar cell was fabricated. First, the
ITO substrates were cleaned in an ultrasonic bath with acetone,
alcohol, and DI-water, sequentially. The Mo precursor of various
concentrations were spin-coated on cleaned ITO substrates at 4000
rpm for 30 s followed by heating at 500 °C for 10 min in air to form
the MoOx layer. The eMoOx was thermally evaporated with a base
pressure of about 1 × 10−6 Torr at a rate of 0.3 Å S1− for 6 nm.
Second, the active layer of P3HT:PCBM was spin-coated on the
MoOx layer at 700 rpm for 60 s in the glovebox and then the devices
were thermally annealed at 120 °C for 12 min. Finally, the LiF (0.6
nm) and Al (100 nm) layers were evaporated onto the ITO/MoOx/
P3HT:PCBM structures of the devices.
Characterization. The concentration of Mo in the precursor

solution was evaluated by inductively coupled plasma atomic emission
spectrometer (PerkinElmer Optima 8000). X-ray diffraction (XRD)
patterns of the films were measured by a Riguku D/MAX-2000PC
diffraction system to evaluate the crystal structure and crystallographic
orientation of the film. The cross-sectional microstructures of the films
were analyzed by high resolution transmission electron microscopy
(HRTEM, FEI Tecnai F20). Surface characteristics of molybdenum
oxide films were analyzed by X-ray photoelectron spectroscopy (XPS,
ESCALAB 250Xi). The transparency of the films was measured with

an ultraviolet−visible (UV−vis) spectrometer (Shimadzu UV-2450).
The surface morphologies of the films were analyzed by atomic force
microscopy (AFM, Asylum Research MFP-3D-BIO). The electrical
properties of the devices were tested by Keithley 2400 under air mass
(AM) 1.5G solar irradiation at 100 mW cm−2 (Newport, Class AAA
solar simulator, 94023A-U).

■ RESULTS AND DISCUSSION
The structure of the prepared molybdenum oxide film is
characterized by XRD. Figure 1 shows the XRD θ−2θ scan of

molybdenum oxide film. The result indicates that the film is
pure phase and well-crystallized orthorhombic structure.
According to the JCPDS card, the structure of the MoO3 can
be indexed to alpha-phase. In addition, the thickness of the
MoO3 is estimated to be around 30 nm by the TEM
characterizations (Figures 1S). Meanwhile, the thickness of
the MoO3 film on ITO can be adjusted by the concentration of
MoO3 in the solution.
X-ray photoemission spectroscopy (XPS) was performed to

analyze the surface characteristics of the molybdenum oxide
films on ITO substrates, as shown in Figure 2. The Mo 3d, Mo
3p, and O 1s peaks are observed in the full scan spectra.
Moreover, the intensities of the In 3d, Sn 3d, and O 1s are
stronger than that from molybdenum oxide, which indicates
that the molybdenum oxide film is ultrathin. Several peaks can
be fitted from the spectrum of the Mo 3d core level, which
corresponds to Mo5+ and Mo6+. Meanwhile, the spectrum of O
1s shows that there is a shoulder on the higher binding energy
side, implying there is more than one kind of oxygen species of
O 1s. In addition, the component at 530.2 eV is attributed to
crystal bulk oxygens, and the component at 531.4 eV is related
to surface contamination or absorbed species.32,38 Therefore,
Mo5+ is attributed to the generation of O vacancies. All of the
results demonstrate the presence of a major part of MoO3.
In the present organic solar cell structure, MoOx film plays

an important role as an interfacial layer between the active layer
and ITO, which is one of the effective measures to improve the
PCE of solar cells. Considering premium hole extraction of
molybdenum oxide, we have explored molybdenum oxide layer
(MoOx) as an interfacial layer in an organic solar cell. The
schematic energy band diagram is shown in Figure 3. The
polymer solar cell consists of MoO3 as a hole injection layer,
P3HT:PCBM bulk heterojunction as an active layer. Inserting
an interfacial layer between the ITO and P3HT:PCBM, the
potential barrier will decreases, leading to an increased

Figure 1. XRD pattern: θ−2θ scan of molybdenum oxide film.
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efficiency with hole injection from P3HT to ITO. Meanwhile,
lowest unoccupied molecular orbital (LUMO) of P3HT is
much lower than the energy level of the conduction band (CB)
of MoO3, which significantly blocks the electron transfer to
MoO3. To investigate the influence of the PAD-MoOx layer on
the performance of photovoltaic device, we prepared the
different MoOx anode interfacial layers by adjusting concen-
tration of Mo precursor. Figure 4 shows the current density−
voltage J−V characteristics of devices under illumination from
simulated AM 1.5G solar spectrum irradiation and the detailed
properties are summarized in Table 1. As seen in Figure 4, the

device shows the best performance when the concentration of
Mo precursor in the active layer is ∼0.05 wt %. To determine
the origin of the effect of different MoOx layers on the solar
cells, we used AFM to analyze the surface morphologies of the
layers prepared by the different concentration of MoOx (Figure
5). It was found that Device B, with the highest RMS 2.2 nm,
has the best performance, and Device D, with the lowest RMS
of 1.4 nm, has the poorest performance. Thus, it is inferred that
the rougher surface of MoOx hole selective layer somehow
enhances the photovoltaic conversation efficiency. In general,
the rough morphology of a film increases the interface area
between the hole selective layer and active layer, and thus, it
may lead to the increase of the hole collection efficiency, which
was beneficial to the performance of the solar cells.39−42 A
similar phenomena have been reported in the literate.34,43

For comparison with the best performance MoOx based solar
cell (Device IV), we prepared reference devices with
PEDOT:PSS (Device II), eMoOx (Device III), and without
any interfacial layer (Device I). Figure 6 shows the J−V

Figure 2. XPS spectra of the molybdenum oxide film on ITO
substrate: (a) full scan spectra, (b) Mo 3d core level, and (c) O 1s core
level.

Figure 3. Schematic energy band diagram.

Figure 4. J−V characteristic of devices with different concentration of
Mo precursor (Device A, 0.02 wt %; Device B, 0.05 wt %; Device C,
0.10 wt %; Device D, 0.25 wt %).

Table 1. Device Parameters for Conventional Architecture
P3HT:PCBM Devices with Different Precursor
Concentration of MoOx Interfacial Layer

device Voc (V) Jsc (mA/cm2) FF (%) PCE (%)

A 0.58 7.69 60.5 2.69
B 0.60 7.60 64.6 2.94
C 0.58 7.03 64.5 2.64
D 0.57 6.58 59.5 2.23
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characteristics of the P3HT:PCBM based devices under the
simulated AM 1.5G solar spectrum illuminations. Meanwhile,
the detailed properties are summarized in Table 2. As seen
from the results of the photovoltaic test, the solar cell without
the buffer layer (Device I) exhibits the poorer performance as
compared to the solar cells with buffer layer (Devices II, III, and

IV). Thus, it clearly suggests that the buffer layer between the
anode and the active layer in the solar cells does improve the
photovoltaic performance. Alike the reports,44,45 the buffer
layer might effectively block the recombination of hole−
electron pairs in solar cells. The Jsc and PCE of Device IV with
PAD-MoOx are obviously higher than those of the Device II
with PEDOT:PSS layer. It might be caused from the work
function of MoOx, which is higher than that of PEDOT:PSS.
The MoOx pin to the Fermi level of the contact electrode and
the highest occupied molecular orbital (HOMO) of donor
polymer are good for hole extracted while blocking electron
transported.45−48 Therefore, the device with MoOx layer shows
better photovoltaic parameters than the one with PEDOT:PSS
layer. Further, it is worth noting in Figure 6 that performance of
Device IV with PAD-MoOx film is even better than that of the
device with evaporated MoOx layer. It is well-known that higher
transparency of the window layer in solar cells corresponds to
the less light loss that might result in higher performance of
solar cells. To explore this in the anode interfacial layer, we
investigate the optical transparency of the interfacial layers of
present devices. Figure 7 shows the UV−vis transmission

spectra of the PEDOT:PSS, eMoOx, and PAD-MoOx layers
prepared in the similar conditions as in the devices. All of the
three layers show good transparency with the optical
transmission ∼95% in the wavelength range of 300−900 nm.
It is interesting to note that the transparency of PAD grown
MoOx film is even higher than those of the PEDOT:PSS and
the eMoOx films. It can be also demonstrated by the symbol on
the paper clearly observed in the inset of Figure 7. Thus, we
believe that the less light loss in the present PAD grown MoOx
film is favorable for efficient harvesting of solar photons in the
active layer that leads to better photovoltaic parameters (Voc,
Jsc) obtained in the Device IV with PAD-MoOx layer.
To illustrate the stability of organic solar cell, we tested the

device with PEDOT:PSS hole selective layer and PAD-MoOx
hole selective layer under continuous light-illumination in air.
As Figure 8 shows, PEDOT:PSS-based devices degrade to an
average value below 20% of the initial efficiency within the first
500 min under the continuous light illumination in air, while
the MoOx-based devices degrade to an average value about 60%
of the initial efficiency within the first 500 min under the
continuous light illumination in air. The decrease of the PCE in

Figure 5. AFM images of MoOx films formed on ITO substrates with
different concentrations of precursor. (a) Device A, 0.02 wt %; (b)
Device B, 0.05 wt %; (c) Device C, 0.10 wt %; and (d) Device D, 0.25
wt %.

Figure 6. J−V characteristic of the devices with different interfacial
layers under the simulated AM1.5G spectrum illumination (Device I,
ITO/P3HT:PCBM/LiF/Al; Device II, ITO/PEDOT:PSS/
P3HT:PCBM/LiF/Al; Device III, ITO/thermal evaporated
MoOx(eMoOx)/P3HT:PCBM/LiF/Al; Device IV, ITO/MoOx/
P3HT:PCBM/LiF/Al).

Table 2. Device Parameters of P3HT:PCBM-Based Devices
with Different Interfacial Layer

device Voc (V) Jsc (mA/cm
2) FF (%) PCE (%)

I 0.51 7.073 56.5 2.04
II 0.58 6.644 69.8 2.68
III 0.57 7.051 66.5 2.67
IV 0.60 7.60 64.6 2.94

Figure 7. UV−vis transmission spectra of the MoOx, eMoOx, and
PEDOT:PSS films; (inset) photograph of the MoOx thin film on a
labeled paper.
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two cases is mainly attributed to a deterioration of both JSC and
FF.49,50 Some researchers51−53 report that the binding energy
of the spectrum peaks will have a regular chemical shift if the
chemical structure or the valence state has changed. On the
basis of the XPS results shown in Figure 2a, the binding
energies of In 3d5 and Sn 3d5 have not shifted, which indicates
that the structure and the valence state of ITO has not changed.
These can also illustrate that the MoO3 has not reacted with
ITO. Therefore, we can conclude that the MoOx based device
with a longer term stability comparable to that PEDOT:PSS-
based device.

■ CONCLUSIONS
Molybdenum oxide (MoOx) films prepared by polymer-
assisted deposition have high crystal quality. Due to the
excellent transparency (>95%) of high-quality PAD-MoOx, the
solar cell with PAD-MoOx as an anode interfacial layer exhibits
great performance, even better than that of the PEDOT:PSS or
eMoOx as an anode interfacial layer in a solar cell. Moreover,
the solar cells based on the growth of MoOx have a longer term
stability than that with PEDOT:PSS. Accordingly, PAD
technology provides an alternative strategy not only for film
growth but also for cost-effective solution processing for future
materials in the field of renewable energy.
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