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 Great attention has been paid to bulk heterojunction (BHJ) 
polymer solar cells (PSCs) based on conjugated polymers (elec-
tron donor, D) blended with fullerene derivatives (electron 
acceptors, A) owing to their potential applications as renew-
able energy sources, and the advantages of easy processing and 
the possibility of fabricating inexpensive, lightweight fl exible 
devices. [  1–5  ]  Power conversion effi ciencies (PCEs) of BHJ PSCs 
over 8% under AM1.5G (standard spectrum of sunlight at the 
Earth’s surface) with an illuminating intensity of 100 mW cm  − 2  
have been reported recently. [  6–8  ]  However, the major challenge 
for BHJ PSCs is to demonstrate cells with long-term stability 
in air. [  9–12  ]  

 BHJ PSCs are typically fabricated with a transparent con-
ductive anode (e.g. indium tin oxide, ITO), a low-work-func-
tion metal cathode (e.g. Al, Ba/Al, and Ca/Ag or Ca/Al), and 
an active layer (D:A) sandwiched between the anode and the 
cathode. The BHJ layer dramatically affects the stability of BHJ 
PSCs. The cathode is inherently fl awed, giving low long-term 
stability. Currently, poly(3,4-ethylenedioxythiophene):poly(styre
ne sulfonate) (PEDOT:PSS) is often used to smooth the surface 
of the ITO anode. [  13  ,  14  ]  However, it has been demonstrated that 
the long-term stability problem is caused by the hygroscopic 
and acidic nature of PEDOT:PSS. PEDOT:PSS etches the ITO, 
in particular, under ambient conditions and accelerates the dif-
fusion of indium into the photoactive layer, which then induces 
a fast degradation of the active layer. [  15–17  ]  

 Two types of approaches have been developed to circumvent 
these problems. One is to develop BHJ PSCs with an inverted 
device structure. [  18  ,  19  ]  The other is to introduce a stable buffer 
layer. Recently, metal oxides, such as molybdenum oxide 
(MoO 3 ) and vanadium pentoxide (V 2 O 5 ), have been thermally 
deposited onto the ITO anode to replace the PEDOT:PSS layer. 
The elimination of the PEDOT:PSS layer improves the device 
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stability. [  20  ]  However, a fi rst design for a buffer layer processed 
from solution is still lacking; solution processing satisfi es the 
requirement of a low-cost manufacturing process. 

 Among the p-type metal oxides used in BHJ PSCs, MoO 3  is 
a promising candidate owing to its relatively good hole mobility, 
environmental stability, and transparency in the range of visible 
light. Various fabrication methods have been employed to grow 
thin fi lms of MoO 3 . [  21–23  ]  The sol–gel method has been exten-
sively investigated as a solution-processed thin fi lm deposition 
method. [  24  ,  25  ]  However, little research has been reported on the 
use of sol–gel-derived MoO  x   thin fi lms in BHJ PSCs. We report 
a new method of obtaining uniform low-temperature-annealed 
sol–gel-derived (S-MoO  x  ) thin fi lms and and demonstrate that 
they can function as an effi cient hole extraction layer in BHJ 
PSCs. 

 Low-temperature-annealed sol–gel-derived MoO  x   (S-MoO  x  ) 
thin fi lms were prepared using molybdenum in H 2 O 2  as a 
precursor solution. The precursor solution was cast onto ITO 
glass and subsequently treated at 250  ° C for 30 min. During the 
period of thermal treatment, the precursor was converted to the 
dense S-MoO  x   fi lm by hydrolysis. The synthesis is described in 
detail in the Experimental Section. 

 The UV–vis absorption spectra of S-MoO  x   thin fi lm and 
thermally deposited MoO 3  (T-MoO 3 ) thin fi lm are shown in 
 Figure    1  . The absorption spectrum of S-MoO  x   is similar to 
that of T-MoO 3 . A broad absorption ranging from 700 nm to 
1000 nm is observed for both T-MoO 3  and S-MoO  x   thin fi lms. 
bH & Co. KGaA, Weinheim 523wileyonlinelibrary.com

    Figure  1 .     Absorption spectra of the S-MoO  x   and T-MoO 3  thin fi lms.  
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    Figure  2 .     a) The XPS result of a S-MoO  x   thin fi lm on top of an ITO sub-
strate. Core levels of b) Mo 3d and c) O 1s.  
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This broad weak absorption was attributed to the free electrons 
being trapped in oxygen vacancies in both T-MoO 3  and S-MoO  x   
thin fi lms by UV irradiation. [  26  ]  The optical bandgap of S-MoO  x   
obtained from the UV–vis spectrum is ca. 3.0 eV. The S-MoO  x   
fi lm is transparent in the visible region except for a weak broad 
absorption centered at 850 nm, which indicates that the S-MoO  x   
fi lm can function as a buffer layer on the ITO glass, in that vis-
ible light is able to pass through the ITO/S-MoO  x   layer into the 
polymer active layer.  

 X-ray photoelectron spectroscopy (XPS) measurements were 
carried out to characterize the major component of S-MoO  x  . 
 Figure    2   shows the core level XPS spectra of Mo 3d and O 1s for 
S-MoO  x   fi lm annealed at 250  ° C. XPS spectra are referenced to 
the residual hydrocarbon contamination at 284.6  ±  0.1 eV. The 
whole spectrum of S-MoO  x   shows fi ve individual sharp peaks. 
Figure  2 a displays the C 1s peak located at 281.7 eV, which is 
about 2.9 eV less than the referenced value, indicating that the 
other peak positions need to be calibrated by adding this offset. 
The detailed peak offsets are described in  Table    1  . The binding 
energies for Mo (3d 5/2 ) and Mo (3d 3/2 ) are 232.5 eV and 235.6 eV, 
respectively. The binding energy of 232.5 eV corresponds to the 
oxide of Mo(VI).   

 The tuning position of O 1s is at 530.5 eV. However, several 
O 1s peaks could be fi tted from the core level of O 1s spectra, 
which indicates that more than one oxygen species is present 
in the S-MoO  x   fi lm. Moreover, the peak located at 398.3 eV in 
the core level of Mo 3p 3/2  corresponds to the state of Mo(VI). 
All these results demonstrate that a major part of S-MoO  x   is 
MoO 3 . 

 The transmission electron microscopy (TEM) bright fi eld (BF) 
image of S-MoO  x   displayed in  Figure    3  a shows that the S-MoO  x   
thin fi lm is quite uniform. Many nanometer-scale fi brils with a 
diameter of ca. 20 nm are also observed. No visible pinholes are 
observed in this TEM BF image. This implies that the S-MoO  x   
thin fi lm is quite dense, which could prevent leakage current 
occurring owing to incomplete coverage of the ITO substrate. 
The atomic force microscopy (AFM) height image is displayed 
in Figure  3 b, with a root mean squared roughness (RRMS) of 
0.475 nm at a scale of 2.0  μ m  ×  2.0  μ m. This smooth surface 
implies that the polymer photoactive layer can be easily depos-
ited on top of the S-MoO  x   fi lm. In addition, no typical sharp 
peak of ITO is observed from S-MoO  x  /ITO, indicating that the 
rough surface of the ITO substrate has been modifi ed. All these 
results demonstrate that S-MoO  x   thin fi lms have good surface 
morphologies as a buffer layer in BHJ PSCs.  

 In order to verify the electronic conductivities of S-MoO  x  , an 
AFM tip coated with 20 nm Ir/Pt on both the front and back 
sides was contacted with the surface of a ca. 30 nm S-MoO  x   
mbH & Co. KGaA, Weinheim Adv. Energy Mater. 2012, 2, 523–527

   Table  1.     XPS binding energy of the molybdenum compound. 

Item C 1s O 1s Mo 3d 5/2  Mo 3d 3/2  Mo 3p 3/2  

Expt. Data a  ) 281.7 527.6 229.6 232.7 395.4

Calibrated b  ) 284.6 530.5 232.5 235.6 398.3

    a) Data obtained directly from experimental measurement;      b) Data obtained after 
adjusting the experimental C 1s peak (281.7 eV) to a standard value (284.6  ±  0.1 eV).   
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    Figure  3 .     a) A TEM bright fi eld image of the S-MoO  x   thin fi lm. b) A tapping-
mode AFM image of the S-MoO  x   thin fi lm, with a RRMS of 0.457 nm.  

    Figure  4 .     The  I – V  curves of the S-MoO  x  /ITO fi lm using an AFM tip coated 
with Pt/Ir on both the front and back sides. Trace condition: ITO as the 
anode and Pt/Ir as the cathode. Retrace condition: ITO as the cathode 
and Pt/Ir as the anode  
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thin fi lm that was deposited on ITO glass. The peak force tap-
ping tunneling AFM (PFTUNA) module was used to measure 
the contact currents with bias voltage applied to the ITO/S-
MoO  x  /Ir/Pt. The  I – V  curves of ITO/S-MoO  x  /Ir/Pt for both 
trace (ITO as the anode and Pt/Ir as the cathode) and retrace 
conditions (ITO as the cathode and Pt/Ir as the anode) are 
shown in  Figure    4  . Because the work functions of ITO and 
Ir are –4.70 eV and –5.27 eV, respectively, asymmetrical  I – V  
curves are expected from ITO/S-MoO  x  /Ir/Pt under both trace 
and retrace conditions. The experimental observations are in 
very good agreement with theoretical analysis. [  27  ]  The same 
© 2012 WILEY-VCH Verlag GmAdv. Energy Mater. 2012, 2, 523–527
asymmetrical  I – V  curves observed under both conditions and 
the large contact currents observed from very small area AFM 
tips indicate that S-MoO  x   is a semiconductor and possesses 
good electronic conductivities.  

 To evaluate the expected high performance of PSCs, BHJ 
PSCs were fabricated with PBDT-DTNT:PC 71 BM using 
S-MoO  x   as a hole extraction layer. The molecular structures of 
PBDT-DTNT [  28  ]  and [6,6]-phenyl C 71 -butyric acid methyl ester 
(PC 71 BM), the BHJ PSCs’ structure, and the energy levels of 
the component materials are shown in  Figure    5  . Because the 
major component of low-temperature-annealed sol–gel-derived 
S-MoO  x   is MoO 3  (see Figure  2 ), the lowest unoccupied molec-
ular orbital (LUMO) energy and the highest occupied molecular 
orbital (HOMO) energy levels of bulk MoO 3  [  29  ,  30  ]  are used to 
describe the energy levels of S-MoO  x  . As shown in Figure  5 c, 
because the HOMO energy of S-MoO  x   is close to that of PBDT-
DTNT, holes are expected to be effi ciently transported to the ITO 
anode without signifi cant loss in energy. Moreover, because the 
LUMO energy of S-MoO  x   is higher than that of PBDT-DTNT, 
the S-MoO  x   fi lm can function as an electron blocking layer. 
Therefore, the S-MoO  x   fi lm can be used as the hole extraction 
layer in BHJ PSCs.  

 The current density–voltage characteristics ( J – V ) of the BHJ 
PSCs with either S-MoO  x   or PEDOT:PSS as a buffer layer are 
shown in  Figure    6  . Under AM1.5G illumination with light 
intensity of 100 mW cm  − 2 , an open-circuit voltage  V  oc  of 0.75 V, 
a short-circuit current density  J  sc  of 16.44 mA cm  − 2 , a fi ll factor 
FF of 47.5%, and a corresponding PCE of 5.86% are obtained 
from the PSCs with S-MoO  x   as the buffer layer. The high  V  oc  
observed suggests a good band alignment between the polymer 
active layer and the electrodes. The small difference between 
525bH & Co. KGaA, Weinheim wileyonlinelibrary.com
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    Figure  5 .     a) The molecular structures of PBDT-DTNT and PC 71 BM. 
b) The device structure of polymer solar cells. c) Energy-level diagram 
with the LUMO and HOMO of each component.  
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    Figure  6 .      J–V  characteristics of PSCs with S-MoO  x   and PEDOT:PSS layer 
as the buffer layer.  
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the calculated  V  oc  (0.89 V) [  31  ]  and the observed  V  oc  (0.75 V) 
implies that only 0.14 V is lost even when the electrode con-
tact resistance is involved. The high  J  sc  observed indicates that 
the charge transport across the S-MoO  x   layer is unhindered. In 
6 © 2012 WILEY-VCH Verlag Gmwileyonlinelibrary.com
order to confi rm this hypothesis, BHJ PSCs with PEDOT:PSS 
as a buffer layer were also fabricated to be investigated. Under 
the same illumination condition, a  V  oc  of 0.73 V, a  J  sc  of 
16.64 mA cm  − 2 , a FF of 48.5%, and a corresponding PCE of 
5.89% are observed. These device performance parameters 
are comparable with those observed from PSCs with S-MoO  x   
as the buffer layer. Therefore, our fi ndings demonstrate that a 
low-temperature-annealed sol–gel-derived MoO  x   thin fi lm can 
be used as a hole extraction layer in BHJ PSCs in the quest for 
high performance.  

 In conclusion, a low-temperature-annealed sol–gel-derived 
MoO  x   (S-MoO  x  ) thin fi lm as a hole extraction layer in BHJ 
PSCs was successfully made and demonstrated. The charac-
terization of S-MoO  x   thin fi lms by absorption spectra, XPS, 
TEM, AFM, and PFTUNA indicated that S-MoO  x   fi lms can be 
used as a buffer layer for BHJ PSCs. A PCE of 5.86% observed 
from BHJ PSCs with a device structure of ITO/S-MoO  x  /PBDT-
DTNT:PC 71 BM/Al is comparable with a PCE of 5.89% obtained 
from BHJ PSCs with a device structure of ITO/PEDOT:PSS/
PBDT-DTNT:PC 71 BM/Al. These results demonstrate that a low-
temperature-annealed sol–gel-derived MoO  x   thin fi lm can be 
used as a hole extraction layer in BHJ PSCs.  

 Experimental Section 
  Materials : The synthesis of PBDT-DTNT was reported elsewhere. [  28  ]  

PC 71 BM and molybdenum powder were purchased from Sigma-Aldrich Inc.  
 S-MoO x  Preparation : Molybdenum powder (10 g) was fi rst prepared 

in a clean beaker, then H 2 O 2  (100 mL, concentration 30%) was slowly 
added. A cool water bath was needed to avoid the accumulation of a 
great deal of heat. The above solution was centrifuged at 3000 rpm to 
remove the unreacted reactant. The solution was subsequently dried 
by distillation. The obtained product was then dissolved in methanol 
(10 mg mL  − 1 ) for preparation of the S-MoO  x   thin fi lm. 

  UV–vis Absorption Spectr a: The UV–vis absorption spectra of low-
temperature-annealed sol–gel-derived MoO  x   thin fi lms and thermally 
deposited MoO 3  thin fi lms were measured with a HP 8453 UV–vis 
spectrophotometer. 
bH & Co. KGaA, Weinheim Adv. Energy Mater. 2012, 2, 523–527
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  XPS : XPS analysis was carried out on an XPS/ESCA (electron 
spectroscopy for chemical analysis) instrument (Axis Ultra DLD from 
Kratos Inc.) utilizing a monochromatized Al K α  X-ray source. Spectra 
were referenced to the residual hydrocarbon contamination at 284.6  ±  
0.1 eV. A thin fi lm (ca. 30 nm) was deposited on the ITO substrate for 
XPS analysis. 

  Morphologies : TEM experiments were carried out with a JEOL 
transmission electron microscope using an accelerating voltage of 
120 kV. Tapping-mode AFM images were obtained using a NanoScope 
NS3A system (Digital Instruments) to observe the surface morphology 
of S-MoO  x  . 

  Electronic Conductivities : The electronic conductivities of S-MoO  x   
thin fi lms were measured on a Bruker Dimension Icon system with a 
PeakForce Tapping and Tunneling AFM (PFTUNA) module. The probe 
was the PFTUNA probe with a spring constant of ca. 0.5 N m  − 1  and 
a 20 nm Pt/Ir coating on both the front and back sides. The spring 
constant was measured using a thermal tune method. The  I – V  curves 
were collected using constant defl ection force as the feedback control. 
The contact currents were measured with a bias voltage applied to the 
sample. The number of pixels (512), the ramp rate of 0.4 Hz, and the 
force setpoint of ca. 60 nN were set for both the trace (scan from – V  to 
 +  V ) and retrace (scan from  +  V  to – V ). 

  Device Fabrication : BHJ PSCs were fabricated by the following 
procedure. The ITO substrate was cleaned by ultrasonication in acetone, 
detergent, deionized water, and isopropyl alcohol sequentially. The 
S-MoO  x   thin fi lm was obtained by spin-casting the MoO  x   precursor on 
top of the ITO substrate. The substrate was then annealed at 250  ° C for 
30 min and formed S-MoO  x   thin fi lms with a thickness of about 30 nm. 
The PEDOT:PSS layer was spin-coated with a thickness of about 40 nm 
from aqueous solution (after passing a 0.45  μ m fi lter). The PEDOT:PSS-
covered substrate was dried for 10 min at 140  ° C in air. Both of the 
substrates were transfered into a glove-box to spin-cast the photoactive 
layer. The 1,2-dichlorobenzene solution comprising PBDT-DTNT 
(15 mg mL  − 1 ) and PC 71 BM (15 mg mL  − 1 ) was then spin-cast on top of 
the S-MoO  x   and PEDOT:PSS layers. After that, the devices were thermally 
annealed at 110  ° C for 10 min. Finally, the devices were pumped down to 
a ca. 3  ×  10  − 6  mbar pressure, and a ca. 100 nm Al fi lm was deposited on 
top of the photoactive layer.  
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