
Low-Temperature, Solution-Processed Hole Selective Layers for
Polymer Solar Cells
Chuang Yao, Xinjun Xu,* Jinshan Wang, Leilei Shi, and Lidong Li*

State Key Lab for Advanced Metals and Materials, School of Materials Science and Engineering, University of Science and
Technology Beijing, Beijing 100083, P. R. China

*S Supporting Information

ABSTRACT: A new method is reported for preparing
solution-processed molybdenum oxide (MoO3) hole selective
layer (HSL). Via combustion processing at low annealing
temperatures, the obtained MoO3 HSL exhibits a high charge-
t r a n s p o r t i n g p e r f o rm a n c e s i m i l a r t o p o l y -
(ethylenedioxythiophene):polystyrene sulfonate (PE-
DOT:PSS) but overcoming its defect to device stability. The
combustion precursor solution using ammonium heptamolybdate as the metal source, acetylacetone as a ‘fuel’, and nitric acid as
an oxidizer can largely reduce the temperature for transformation of the polyoxomolybdate to α-phase MoO3. Furthermore,
when a small amount of PEDOT:PSS has been introduced into the combustion precursor solution to improve the film
morphology, the derived film can exhibit a flat and continuous surface morphology with coexistence of α- and β-MoO3 after
being annealed at a low temperature (150 °C). The simplicity, rapidness, and effectiveness of our method together with the low
annealing temperature needed make it promising for the roll-to-roll manufacture of polymer solar cells.
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■ INTRODUCTION

Polymer solar cells (PSCs) have received great attention in
recent years because of their low-cost and broad applications,
ranging from flexible and low-weight solar modules to photon
recycling in liquid-crystal displays.1,2 In recent years, power
conversion efficiencies (PCEs) in the range of 7.0−9.0% were
frequently reported.3−11 Currently, most of these reported
P SC s w i t h h i g h PCE v a l u e s em p l o y p o l y -
(ethylenedioxythiophene):polystyrene sulfonate (PE-
DOT:PSS) as a hole selective layer (HSL). The reason is
that PEDOT:PSS has a good hole-transporting ability and a
high work function (5.2 eV) compared with bare indium tin
oxide (ITO) (4.8 eV), which is suitable for the highest
occupied molecular orbital (HOMO) of most donor-type
semiconductors. However, the long-term stability of PSCs,
which is critically important for their future applications, with
PEDOT:PSS as the HSL is not satisfying. The high acidity and
hygroscopic nature of PEDOT:PSS have been associated with
reduction of the device stability.12−16 Therefore, developing a
strategy to retain the high charge-transporting performance of
HSL similar to that of PEDOT:PSS but to overcome its defect
for device stability is extremely desired.
To this end, a solution-processed cross-linkable tetraphe-

nyldiamine-containing material has been developed for using as
HSL in PSCs, recently.17 Nevertheless, it shows a lowered PCE
value than the PEDOT:PSS-based device. A self-doped
conducting polymer, sulfonated poly(diphenylamine),18 is
another promising option for serving as the HSL in inverted
solar cells.19 However, expensive gold electrode must be
employed in the device to retain a good PCE. Graphene oxide

(GO) acting as the HSL in PSCs has also been reported.20,21

But the device performance is highly sensitive to the film
thickness of GO because of its insulating property. To facilitate
the efficient transport of carriers, a chemically reduced GO was
developed for using as an HSL.22 Although the device stability
has been improved relative to PEDOT:PSS, its photovoltaic
performance deteriorated quickly in the initial stage and the
PCE reduced to ∼80% of its initial value less than one day.
Studies on the interfacial interaction between the bulk
heterojunction and GO show that protonic acid doping of
the conjugated polymer at the bulk heterojunction/GO
interface occurs due to the high proton density of GO.23 So
that is the disadvantage when using GO as HSLs in PSCs.
Transition metal oxides, such as nickel oxide (NiO),24−26

vanadium oxide (V2O5),
27 tungsten oxide (WO3),

28 and
molybdenum oxides (MoOx)

29−33 have been successfully
used to replace PEDOT:PSS. Among them, MoO3 have been
studied widely because of its high transmittance with a wide
bandgap of about 3.0 eV and its low evaporation temperature
required for film deposition. Because of its unique character-
istics, when MoO3 is used as a buffer layer in a solar cell, the
local electron depletion of the donor and acceptor phases at the
interface would reduce back-contact recombination of the
electrons from fullerene acceptors, while improving hole
collection from the donor material at this interface.34 For the
convenient and fast fabrication of PSCs, solution processing
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was carried out to prepare MoOx HSL by many research
groups. Girotto and Yang have successfully dissolved MoO3
powder and molybdenum powder in hydrogen peroxide,
respectively, to fabricate MoOx based HSL.35,36 However,
high annealing temperatures (275 and 250 °C, respectively) are
required for these HSLs to provide good charge-transporting
properties in PSCs. Such high temperatures are incompatible
with plastic substrates, being unsuitable to the roll-to-roll
manufacture. Meyer et al. have demonstrated that MoO3 thin
films formed by spin-coating of its nanoparticles suspension
solution could exhibit similar electronic properties with
PEDOT:PSS film,37 and Stubhan successfully utilized these
MoO3 films as HSLs in PSCs.38 Despite these MoO3
nanoparticle thin films requires low annealing temperature
(100 °C), they need oxygen plasma treatment to remove the
polymer stabilizers. As a result, the film becomes quite rough
with a root-mean-square roughness (Rq) about 20 nm, which
may cause short circuit in PSCs. Solution-processed MoO3
interfacial layer for PSCs using ammonium heptamolybdate
((NH4)6Mo7O24·4H2O, AHM) as a precursor has also been
reported.39 However, the obtained film deposited from the
precursor solution at the optimized concentration is
discontinuous, leading to a lowered PCE than the PEDOT:PSS
based device. Another method to fabricate solution-processed
MoOx HSL is utilization of oxomolybdate precursors.34 By
using MoO2(acac)2 (acac = bis(2,4-pentanedionate)) for
preparing precursor solutions, two methanol-based protocols
which enable the deposition of ultrasmooth and high-
performance MoOx thin films were developed. But these
precursor solutions need to be heated for 2 h and then aged for
2 days prior to use, which is a troublesome process. So a facile
and effective method to fabricate the HSL for PSCs, which
affords a comparable PCE and prolonged device stability
relative to PEDOT:PSS, is still needed to be explored.
Recently, a novel strategy for fabricating solution-processed

metal oxide thin films for field-effect transistors at much lower
annealing temperatures (∼200 °C) using self-energy generating
combustion chemistry was proposed.40 Commonly, metal oxide
formation via conventional precursors based on metal
hydroxide or alkoxide conversion is endothermic, requiring
significant external heat input to form metal−O−metal lattices.
In contrast, combustion reaction is exothermic and does not
require external energy input once ignited. The self-generated
heat of combustion reaction provides a localized energy supply,
eliminating the need for high, externally applied processing
temperatures. By using the combustion processing, metal oxide
films including indium, tin and zinc oxides with good charge-
transporting ability can be fabricated from their nitrates or
halogenides at low temperatures.40 As a result, this is a
promising method for fabricating metal oxide films at low
temperatures compatible with transparent plastic substrates.
In this work, by utilizing self-energy generating combustion

chemistry, we developed a simple method to fabricate high-
performance MoO3 thin films to act as HSLs for PSCs at low
annealing temperatures compatible with transparent polymer
substrates such as poly(ethylene terephthalate) (PET) and
AryLite aromatic polyester. We exploited a polyoxomolybdate,
(NH4)6Mo7O24·4H2O (AHM), as the precursor for forming
MoO3 film through combustion reaction. Acetylacetone (AcAc)
was selected as a ‘fuel’ and nitrate ion as an oxidizer to ignite
the combustion reaction.40,41 In order to obtain an ultrasmooth
MoO3 thin film, we have added a small amount of PEDOT:PSS
solution into the precursor solution (about 1:200 v/v) to

improve the film quality. The MoO3 thin film deposited from
such a polyoxomolybdate precursor solution via combustion
processing can exhibit a good surface morphology and a high
charge-transporting ability under a low annealing temperature.

■ EXPERIMENTAL SECTION
Preparation of Combustion Precursor Solutions. The

combustion precursor solutions were prepared using AHM (J&K
Chemicals, 99%) as a source for molybdenum oxides. AHM was
dissolved in distilled water to get a concentration of 0.01 M. Then
AcAc (285 μL, Beijing Chemicals Co., 99.5%) was dropped into 5 mL
of the AHM solution, followed by addition of concentrated nitric acid
(605 μL, Beijing Chemicals Co., 65%) to get the Mo-1 solution. The
Mo-2 solution was prepared through a similar process as Mo-1 except
that a small amount of PEDOT:PSS solution (29 μL, CLEVIOS P VP
AI 4083, H. C. Starck GmbH, solid content: 1.3−1.7%) was finally
added. During the preparation process, the solutions were stirred at
1500 rpm. After stirring for a period of 10 min, the solutions were
filtered by 0.45 μm PVDF filters and were ready for use.

Raman and Fourier Transform Infrared (FT-IR) Spectra
Measurements. The films derived from AHM, Mo-1 and Mo-2
solutions were deposited by drop-casting on single-crystal silicon
wafers. Then the films were annealed at desired temperatures (150 or
250 °C) on a hot plate for 10 min in air. The Raman spectra were
recorded on a Renishaw InVia-Reflex micro-Raman spectrometer
(laser excitation wavelength: 532 nm). The FT-IR transmission
measurements were conducted on a Bio-RAD FTS-60 V spectrometer
using a reflection mode under vacuum conditions.

X-ray Photoelectron Spectroscopy (XPS) Characterizations.
Samples for XPS measurements were prepared by spin-coating of the
Mo-2 solution at 4000 rpm for 40 s on single-crystal silicon wafers.
Then, these films were annealed at 70 or 150 °C for 10 min on a hot
plate in air. XPS data were recorded on an AXIS ULTRA DLD (Kratos
Co.) spectrometer using a monochromated Al Kα X-ray source (hν =
1486.6 eV) and a spot size of 500 μm. To identify bonding states, we
performed high-resolution scans at 20 eV pass energy and 50 meV
channel width. The binding energy of the obtained XPS spectroscopy
was referenced to the C1s (284.7 eV).

Surface Morphology Characterization. Specimens for scanning
electron microscopy (SEM) measurements were prepared by spin-
coating of Mo-1 or Mo-2 solution on ITO substrates at 4000 rpm for
40 s without the following annealing process. They were examined
under a field emission scanning electron microscope (LEO 1530 VP,
Oberkochem, Germany). Fabrication of samples for atomic force
microscopy (AFM) was similar as the SEM ones except that they were
annealed at the desired temperature for 10 min. The AFM images
were obtained from a Veeco DI Dimension V atomic force microscope
operating in the tapping mode. The film thickness was measured by
Ambios Technology XP-2 profilometer.

Fabrication and Characterization of PSCs. The PSCs were
fabricated on patterned ITO-coated glass substrates with a sheet
resistance of 10 Ω/square purchased from CSG Holding Co., Ltd. The
ITO-coated glass substrates were cleaned by detergent, and then
ultrasonicated in distilled water, acetone, and alcohol. Subsequently,
hydrophilic treatment of ITO substrates was performed by using a
mixture of deionized water, 25% ammonium hydroxide and 30% H2O2
(5:1:1 by volumetric ratio) for 30 min at 80 °C, followed by rinsing
with deionized water and drying with nitrogen flow. The
polyoxomolybdate derived HSLs were deposited by spin-coating on
ITO substrates from the Mo-1 and Mo-2 solutions at 4000 rpm for 40
s with the same thickness of ∼25 nm and then annealed at the desired
temperature on a hot plate in air for 10 min. The PEDOT:PSS HSL
with a thickness of 30 nm was spin-coated on ITO substrates from its
as-received aqueous solution at 4000 rpm for 40 s and was annealed at
150 °C for 15 min in air. On the top of HSL, a photovoltaic active
layer with a thickness of 200 nm was deposited from the poly(3-
hexylthiophene) (P3HT):[6,6]-phenyl C61-butyric acid methyl ester
(PC61BM) blended solution (with a weight ratio of 1:1) by spin-
coating at 600 rpm for 60 s followed by a solvent annealing process for
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30 min in a nitrogen filled glovebox (H2O < 0.1 ppm, O2 < 0.1 ppm).
To prepare the P3HT:PC61BM solution, P3HT and PC61BM were
dissolved in 1,2-dichlorobenzene with a total concentration of 34 mg/
mL. Finally, the fabrication was completed by thermal evaporation of
Ca (20 nm) and Al (80 nm) as a cathode through a shadow mask
under a vacuum of 3 × 10−6 Torr. The active area of the devices was 4
mm2.
The PSCs (both with and without protective encapsulation) were

tested in ambient conditions (room temperature, relative humidity:
∼40%). The current density−voltage (J−V) characteristics were
measured using a Keithley 4200-SCS semiconductor characterization
system under an irradiation intensity of 95 mW cm−2 using an Oriel
Sol2A class ABA solar simulator. For the long-term device stability
measurements, PSCs without protective encapsulation were stored in a
glovebox filled with N2 and taken out to be exposed in air under
ambient condition (room temperature, relative humidity: ∼40%)
during testing. In addition, the long-term stability of PSCs after
encapsulation has also been tested. The encapsulation was realized by
covering a UV curable epoxy (NOA 65, Norland Products) layer on
top of the organic/metal layer of PSCs.

■ RESULTS AND DISCUSSION
AHM dissolved in deionized water (referred to as AHM
solution) was used as an initial material to prepare MoO3 films.
To facilitate the oxidation of AHM under low temperature in
film via combustion processing, AcAc and nitric acid (HNO3)
were added into the AHM solution to be used as a “fuel” and an
oxidizer, respectively. This solution was referred to as Mo-1
solution. In addition, we also added a little amount of
PEDOT:PSS into the Mo-1 solution (referred to as Mo-2
solution) to improve the film quality of the HSL.
Raman Spectra Analysis. As indicated by Baes and

Mesmer,42 Mo is present as the tetrahedral monomeric
molybdate ion MoO4

2− in AHM solution at high pH values
(above 6). However, in solid states, AHM comprises octahedral
MoO6 units in their crystal structures and is existed in a
polyoxomolybdate form.43 As a result, both monomeric
molybdate species and polyoxomolybdate phases might be
formed in the solution deposited AHM film. The octahedral
symmetry of MoO6 is lowered when sharing of oxygen atoms
with other groups. Since there are different Mo−O distances
and different Mo−O−Mo angles in the polyoxomolybdate
crystalline environment, the Raman spectra in the terminal
MoO and bridging Mo−O−Mo vibration regions become
complicated with different frequencies for different Mo−O
distances and Mo−O−Mo angles.44 In addition, the crystal
structural analysis of AHM indicated that the monoclinic unit
cell contained four units of (NH4)6Mo7O24·4H2O.

45 It also
indicated that 4(MoO3)7 stabilized by 12(NH4)2O and 16H2O
in a unit cell.46

Researches have already shown that the decomposition of
AHM involves four steps: a first intermediate (NH4)4Mo5O17 is
formed in the temperature interval from 124 to 131 °C, a
second intermediate (NH4)4Mo8O26 from 174 to 239 °C, the
coexistence of a third intermediate (mixed molybdena with
residual volatile components) with MoO3 from 255 to 346 °C,
and the formation of MoO3 from 347 °C onward.47,48 As a
result, MoO3 can hardly be formed from AHM via the
conventional thermal decomposition process under temper-
atures less than 255 °C. The structural differences in thermally
annealed films deposited from AHM, Mo-1, and Mo-2
solutions were examined by Raman spectroscopy. As can be
seen from Figure 1, the film deposited from AHM solution
shows several peaks in the range of 800−1000 cm−1, which can
be assigned to the bridging Mo−O−Mo (800−900 cm−1) and

terminal MoO (900−1000 cm−1) stretching modes.49

Among the bands in the range of 900−1000 cm−1, the one at
900−925 cm−1 belongs to the monomeric molybdate, while
those at 950 cm−1 and higher wavenumbers can be assigned to
the polyoxomolybdate phases.50 So after the annealing process
at 150 and 250 °C, AHM undergoes partial thermal
decompos i t ion to (NH4) 4Mo5O17 and then to
(NH4)4Mo8O26, respectively, by releasing H2O and NH3.

47

As a result, when the annealing temperature changed from 150
to 250 °C, the Raman spectra of films deposited from AHM
solution show variation of the band positions in the region of
800−1000 cm−1.
Different with AHM solution, the film deposited from Mo-1

solution after 150 °C annealing only exhibits a peak at 874
cm−1 (Mo−O−Mo stretching vibration) in the region of 800−
900 cm−1and a peak at 950 cm−1 (MoO stretching vibration)
in the region of 900−1000 cm−1. As described above, the band
at 950 cm−1 corresponds to polyoxomolybdate species. So it
can be inferred that only polyoxomolybdates are existed in the
150 °C annealed Mo-1 film and the monomolybdates are
absent. After elevation of the annealing temperature to 250 °C,
two obvious peaks at 992 and 821 cm−1 and a weak one at 662
cm−1 appear. It should be noted that these three bands
correspond to the characteristic Raman bands of α-MoO3,
which were assigned to the stretching mode of the terminal
MoO groups, and the asymmetric and symmetric stretching
modes of the Mo−O−Mo bridges in α-MoO3, respec-
tively.51−53 We notice that there is a peak at 1045 cm−1 in
the spectrum of the 150 °C-annealed Mo-1 film, but it is absent
after annealing at 250 °C. This Raman band together with the
FT-IR bands at 720, 834, and 1389 cm−1 (see Figure S1 in the
Supporting Information) indicate that ionic nitrates are present
in the 150 °C-annealed Mo-1 film.54 The nitrate may be formed
between the oxidizer (HNO3) and NH4

+, which becomes
undetectable due to the combustion process after 250 °C
annealing. The Raman bands are complicated in the case of
films deposited from Mo-2 solution. In the Raman spectrum of
150 °C-annealed Mo-2 film, besides the three characteristic
bands of α-MoO3, there are two additional peaks occurred at
848 and 777 cm−1. These two peaks together with the very
weak peak at 900 cm−1 coincide with the characteristic bands of
β-MoO3.

52,53 It was reported that the α-phase MoO3
crystallizes with a 2D laminar structure of MoO1/1O2/2O3/3
and the β-phase MoO3 has a structure of MoO6/2, which

Figure 1. Raman spectra of films deposited from AHM, Mo-1, and
Mo-2 solution, respectively, after annealing at different temperatures.
The dotted line is a guide to the eye which indicates the characteristic
peaks of α-MoO3 (992, 821, and 662 cm−1) and β-MoO3 (900, 848,
and 777 cm−1).
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arranges with the octahedral MoO6 unit repeated along three
directions through shared corners.55 The peak associated with
the unique molybdenyl bond (MoO; 992 cm−1), which is
responsible for the layered structure of α-MoO3, is absent from
the β-MoO3 Raman spectrum.55 In addition, the ion nitrate
peak at 1045 cm−1 present in the Raman spectrum of 150 °C-
annealed Mo-1 film is now absent in Mo-2 film annealed at the
same temperature, indicating lower temperature for completing
the combustion process is needed for Mo-2 than Mo-1. These
results clearly show that, via combustion processing, α-MoO3 is
formed in Mo-1 film after 250 °C annealing, whereas both α-
and β-MoO3 are coexisted in the 150 °C-annealed Mo-2 film.
Further characterization of these films by X-ray diffraction
(XRD) could not give more helpful information, because the
size of the formed MoO3 crystals may be too small to exhibit
identified patterns, and only an obviously broad peak centered
at 2θ = 27.1° has been observed in these films (see Figure S2 in
the Supporting Information).
Results of Marks’ group have shown that the products after

the combustion reaction, which used AcAc as the “fuel” and
nitrate as the oxidizer, are metal oxide, H2O, NH3, CO2, NO,
and N2.

40,56 So in our case, the formation of molybdenum oxide
in Mo-1 film through combustion reaction can be described by
eq 1.

· + +

→ + + +

+ +

(NH ) Mo O 4H O HNO AcAc

MoO (s) H O(g) NH (g) CO (g)

NO(g) N (g)

4 6 7 24 2 3

3 2 3 2

2 (1)

As for the Mo-2 film, in which a small amount of PEDOT:PSS
is introduced, it exhibits much lower temperature (150 °C)
than Mo-1 for transforming AHM to MoO3. The reason why
the introduction of PEDOT:PSS can play such an obvious role
in decreasing the temperature needed for MoO3 formation
through combustion reaction may be related to the different
surface morphology of thin films deposited from the two
combustion precursor solutions, as will be discussed in the
latter part of this article.

XPS Analysis of Films Derived from Mo-2 Solution.
XPS was used to identify the oxidation state of Mo in films
deposited from Mo-2 solution with different annealing
temperatures. Their high-resolution XPS results of Mo 3d
and O 1s core levels are shown in Figure 2. As can be seen from
Figure 2a, there are two deconvoluted peaks at binding energy
(BE) of 235.96 and 232.80 eV, consistent with spin−orbit
splitting of the Mo 3d core level of Mo in the oxidation state of
+6.57,58 When increasing the annealing temperature to 150 °C,
the two BE peaks slightly increased by about 0.19 eV (Figure
2b). These Mo 3d core level BE values coincide with those of
MoO3.

59,60

High-resolution XPS data for O 1s core levels are shown in
Figure 2c, d. The spectra of O 1s core level can be
deconvoluted into three peaks. Peak 1 of Mo-2 film annealed
at 70 °C with a BE at 532.69 eV, which has a full width at half-
maximum (fwhm) of 1.6 eV, can be assigned to the oxygen in
the crystallized water of the polyoxomolybdate,61 the ionic
nitrate,62 the high binding energy component of PSS,63,64

AcAc,65 and the ethylenedioxy group in PEDOT.63,64 After

Figure 2. XPS of Mo 3d and O 1s core levels of Mo-2 derived films annealed at (a, c) 70 °C and (b, d) 150 °C, respectively.

Table 1. XPS data of the Films Derived from Mo-2 Solution Annealed at Various Temperatures

O 1s (70 °C) O 1s (150 °C)

Mo 3d3/2
(70 °C)

Mo 3d5/2
(70 °C)

Mo 3d3/2
(150 °C)

Mo 3d5/2
(150 °C) peak 1 peak 2 peak 3 peak 1 peak 2 peak 3

BE (eV) 235.96 232.80 236.15 232.99 532.69 531.83 530.74 532.75 531.82 530.81
Intensity
(a.u.)

20445 32589 35788 56891 98687 3192 35126 64719 24440 58262

fwhm (eV) 1.1 1.1 1.1 1.2 1.6 1.4 1.4 1.4 1.3 1.2
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annealing at 150 °C, the location of peak 1 is almost unchanged
but the fwhm has reduced to 1.4 eV. Peak 2 with a BE at about
531.8 eV for the Mo-2 film annealed at the two different
temperatures can be ascribed to the surface hydroxyl groups of
Mo−OH,34,40 and the low binding energy component of
PSS.63,64 Peak 3 with a BE below 531 eV, which is a
characteristic signature of metal−oxygen−metal lattice,40 can
be associated to the lattice oxygen.34 After annealing at higher
temperature (150 °C), the intensities of peak 2 and 3 increase
largely relative to peak 1. The reason is that the crystallized
water is released and ionic nitrate and AcAc are consumed via
the combustion reaction at elevated annealing temperature.
Meanwhile, more and more molybdenum oxides are formed
accompanying with surface hydroxyl groups of Mo−OH. We
provided a summary of BE data of Mo 3d and O 1s core levels
in Table 1.
Surface Topography of Polyoxomolybdate-Derived

HSLs. The morphology of films deposited from the
combustion precursor solutions has a great impact on the
combustion process,56 so their surface morphology has been
investigated by SEM. The SEM images of Mo-1 and Mo-2
derived thin films on ITO glass before thermal annealing are
shown in Figure 3a and 3b, respectively. As can be observed in

Figure 3a, some black regions (voids) exist in the film, which
correspond to regions on the ITO surface uncovered by Mo-1
products. This indicates that the Mo-1 derived film is not a
continuous film. While in Figure 3b, the SEM image of Mo-2
derived film shows improved morphology and forms a
continuous and uniform film. As a result, we can deduce that
the small amount of PEDOT:PSS plays an important role in
improving the film morphology in the process of initial film
forming. According to modern combustion theory, the heat
release and heat transfer affect the velocity of heat propagation
in the heat release subzone.66 For discontinuous film, the heat
losses from the heat release subzones are significant and the
dispersed heat release subzones break the heat transfer, so the
combustion might be quenched,66 whereas in the continuous
film prepared by Mo-2 solution, the combustion process can be
accomplished successfully.
The surface topographies of Mo-1 and Mo-2 thin films after

thermal annealing are shown in Figure 4, compared with bare
ITO. The bare ITO substrate exhibits a roughness Rq of 3.84
nm, with an inhomogeneous phase image shown in Figure 4a.
Deposition of Mo-1 thin film on ITO substrate results in more
homogeneous film and flatter surface with a Rq value of 3.71
nm for 150 °C annealed film and of 3.42 nm for 250 °C
annealed one (Figure 4b, c). The Mo-2 film annealed at 150 °C
shows the flattest surface with the smallest Rq value of 2.21 nm

(Figure 4d). Moreover, the phase image of Mo-2 film shows a
homogeneous phase distribution, which indicated a continuous
thin film on the ITO surface.
Overall, Mo-2 combustion precursor solution can be used to

prepare a homogeneous, flat, continuous film and to complete
the combustion reaction to form MoO3 at low temperature. As
a result, it is possible for Mo-2 to serve as a promising candidate
for preparing HSLs for PSCs.

Polyoxomolybdate-Derived HSLs for PSCs. Mo-1 and
Mo-2 were used to fabricate HSLs for P3HT:PC61BM based
PSCs. The J−V curves of these devices are shown in Figure 5,
and are compared with the conventional reference cell using
PEDOT:PSS as an HSL. These PSCs have a same device
structure of ITO/HSL (PEDOT:PSS or polyoxomolybdate
derived film)/P3HT:PC61BM (200 nm)/Ca (20 nm)/Al (80
nm). A summary of the performance of these devices is shown
in Table 2.

Figure 3. SEM images of films spin-coated from (a) Mo-1 and (b)
Mo-2 solution on ITO substrates before thermal annealing treatment.

Figure 4. AFM images of the surface morphology of (a) bare ITO,
Mo-1 derived film annealed at (b) 150 and (c) 250 °C, and (d) Mo-2
derived film annealed at 150 °C. The left and right panels show the
height images and phase images with a 5 μm × 5 μm scale,
respectively.
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The J−V curves of PSCs based on Mo-1 derived film are
compared with that based on PEDOT:PSS (see Figure 5a).
The PEDOT:PSS-based control device shows a PCE of 3.55%
which is similar to the value reported by others.67 When
increasing the annealing temperature from 100 to 250 °C for
Mo-1-derived HSL, the PCE increased from 2.42 to 3.53% and
the corresponding device exhibited increased short-circuit
current density (Jsc) and fill factor (FF). The reason is that
MoO3, which has a better charge-transporting property than
the incomplete decomposition product of polyoxomolybdate,
only becomes dominant after 250 °C annealing in Mo-1
derived film as discussed above. The device with 250 °C-
annealed HSL shows Jsc of 9.00 mA cm−2, FF of 63.1%, and
open circuit voltage (Voc) of 0.59 V. All these parameters are
comparable to those of PEDOT:PSS based PSCs. However, the
high annealing temperature is incompatible with flexible
polymeric substrates.
The J−V curves of PSCs employing Mo-2 derived films are

shown in Figure 5b. The device with 100 °C annealed HSL
shows Voc about 0.56 V and PCE of 2.83%. Furthermore, when
the Mo-2 derived HSL was annealed at 150 °C, the obtained
PSC shows the best performance with PCE of 3.56%, which is
comparable to that of PEDOT:PSS based device. The FF of
this device (63.5%) is observed to be higher than that of
PEDOT:PSS based one (62.8%), arising from the high charge-
transporting performance and flat topography of the HSL
comprised of MoO3. Also, the low annealing temperature (150
°C) is compatible with flexible polymeric substrates such as
PET, being suitable for the roll-to-roll manufacturing processes
of PSCs.
The stability of unencapsulated devices based on

P3HT:PC61BM using PEDOT:PSS and Mo-2 derived films as
the HSL, respectively, is shown in Figure 6. The PCE of
PEDOT:PSS-based PSC (the control device) degrades fast in
the initial stage and falls to less than 1% of the initial value after
storage in glovebox (filled with N2) for about 200 h, whereas

the PCE of device using 150 °C-annealed Mo-2 film remains at
approximately 96% of its initial value after storage for 200 h.
Even after storage for about 430 h, the PCE is still at about 75%
of the initial value. Moreover, this degradation mainly results
from the decreasing of the Voc, which falls to 0.48 V (not shown
here). This phenomenon is likely due to the oxidation of Ca
cathode when the device is exposed to ambient conditions
during the testing processes.68 As for the encapsulated PSCs,
the PCE of PEDOT:PSS-based devices still decrease more
quickly than Mo-2-based ones (see Figure S3 in the Supporting
Information). It reduced to 89 and 60% of the initial value after
260 h for Mo-2 and PEDOT:PSS-based PSCs, respectively.
These results indicate that PSCs using Mo-2 derived HSL can
exhibit significantly better long-term stability than using
PEDOT:PSS.

■ CONCLUSIONS
Combustion processing was employed to fabricate HSL in
PSCs from a polyoxomolybdate (AHM). The temperature for
transformation of AHM to α-MoO3 can be obviously lowered
to 250 °C when using AcAc as a ‘fuel’ and HNO3 as an oxidizer
to ignite the combustion reaction. By introducing a small
amount of PEDOT:PSS into the combustion system, further
lowered temperature for transformation of AHM to molybde-
num oxide has been achieved. Both α- and β-MoO3 are
coexisted in the resulting film annealed at 150 °C. The addition
of PEDOT:PSS into the combustion precursor solution can
lead to formation of more homogeneous, continuous and flatter
film, which helps suppress the significant heat losses from the
heat release subzones existed in the discontinuous film and
make the heat transfer to be unbroken during the combustion
reaction. PSCs using the polyoxomolybdate derived HSL via

Figure 5. J−V characteristics of P3HT:PC61BM-based PSCs using different HSLs of (a) Mo-1 and (b) Mo-2 derived films annealed at various
temperatures compared with the control device (PEDOT:PSS as the HSL).

Table 2. Device Parameters Based on HSLs Derived from
Mo-1 and Mo-2 Combustion Precursor Solutions Annealed
at Various Temperaturesa

hole selective layer Jsc (mA cm−2) Voc (V) FF (%) PCE (%)

Mo-1 100 °C 7.65 0.60 50.0 2.42
Mo-1 200 °C 8.56 0.59 52.2 2.78
Mo-1 250 °C 9.00 0.59 63.1 3.53
Mo-2 100 °C 8.50 0.56 56.4 2.83
Mo-2 150 °C 8.88 0.60 63.5 3.56
PEDOT:PSS 8.94 0.60 62.8 3.55

aThe HSL in the control device is based on PEDOT:PSS. Figure 6. Normalized power conversion efficiency as a function of
storage time of unencapsulated PSCs using PDEOT:PSS and 150 °C-
annealed Mo-2 film as the HSL, respectively. The devices have been
stored in N2 but were shortly exposed under ambient condition during
testing.
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combustion processing show gradually improved PCE values
after annealing at elevated temperatures, which become
comparable to that of PEDOT:PSS based device after 250
and 150 °C annealing for Mo-1 and Mo-2 precursor solutions,
respectively. Compared with PEDOT:PSS based PSC, the
device with Mo-2 derived film after 150 °C annealing shows
significantly prolonged long-term stability. As a result, our
findings provide a facile, rapid and effective method to fabricate
the HSL for PSCs, affording a comparable charge-transporting
performance but extended long-term device stability relative to
PEDOT:PSS. More importantly, such a polyoxomolybdate
derived HSL can be obtained after annealing at a relatively low
temperature (150 °C) that is suitable to the flexible and
transparent plastic substrates and is promising for the roll-to-
roll manufacturing process of PSCs.
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