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 Bulk heterojunction (BHJ) polymer solar cells (PSCs) based 
on composites of conjugated polymers (electron donor) and 
fullerene derivatives (electron acceptor) have attracted atten-
tion due to their potential as renewable energy sources. [1  –    7  ]  
The major challenges for BHJ solar cells are the achievement 
of competitive power conversion effi ciencies (PCEs) and the 
demonstration of long-term air stability. [  8– 16  ]  

 BHJ solar cells are typically fabricated with a transparent con-
ductive anode (e.g. indium tin oxide, ITO), a low-work-function 
metal cathode (e.g., Al, Ca), and an active layer (a mixture of 
conjugated polymer and fullerene derivative) sandwiched 
between the anode and cathode. The BHJ layer and cathode 
dramatically affect the stability. In particular, the cathode is 
susceptible to degradation by oxygen and water vapor. Poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) 
is often used as an anode buffer layer. Long-term stability is a 
problem because PEDOT:PSS is hygroscopic and acidic. [  17–21  ]  

 In order to circumvent these problems, inverted polymer 
solar cells have been developed; air-stable high-work-function 
metals (e.g., Au, Ag) are used as the anode to collect holes and 
ITO is used as the cathode to collect electrons. In the inverted 
architecture, n-type metal oxides such as titanium oxide (TiO  x  ), 
zinc oxide (ZnO), and cesium carbonate (Cs 2 CO 3 ) are depo-
sited onto the ITO electrode to break the symmetry. [  22     −     24  ]  The 
elimination of the PEDOT:PSS layer improves the device 
stability. Moreover, in the inverted cell, the anode is a high-
work-function metal such as Ag, which can be formed using 
coating or printing technology to simplify and lower the cost of 
manufacturing. [  25  ]  

 Among the n-type metal oxides used in inverted cells, ZnO 
is a promising candidate due to its relatively high electron 
mobility, environmental stability, and high transparency. A 
variety of fabrication methods have been employed to grow thin 
fi lms of ZnO. Sol-gel method has been extensively investigated 
as a solution-based thin-fi lm deposition process. [  26  ]  Sol-gel-
derived ZnO fi lm is widely used in inverted solar cells. How-
ever, a high annealing temperature, usually over 200  ° C and 
incompatible with fl exible substrates, is used to promote crys-
tallization and removal of residual organic compounds. [  27–29  ]  
Although solution-processed ZnO nanoparticles have been 
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shown to be easily processed into thin fi lms via spin coating or 
roll-to-roll printing at room temperature, [  23  ,  30  ,  31  ]  ZnO nanoparti-
cles are not very stable in solution and a ligand is usually used 
to stabilize them. [  32  ]  We report here that uniform sol-gel-derived 
ZnO fi lms can be obtained at relatively low annealing tempera-
tures ( ≤ 200  ° C) and they can function as the effi cient electron 
transporting layer in inverted solar cells. 

 Despite a dramatic improvement of stability, inverted solar 
cells suffer from relatively lower PCEs compared to conven-
tional solar cells, mainly due to the lack of effi cient and air-
stable photoactive materials. Recently, BHJ solar cells based on 
poly[N-9”-hepta-decanyl-2,7-carbazole-alt-5,5-(4’,7’-di-2-thienyl-
2’,1’,3’-benzothiadiazole)] (PCDTBT) and [6,6]-phenyl C 70 -
butyric acid methyl ester (PC 70 BM) composites show a PCE 
in excess of 6%. [  9  ]  Moreover, PCDTBT has been demonstrated 
to be a stable semiconducting polymer. [  33  ]  Here, the potential 
utilization of PCDTBT into inverted solar cells is explored. By 
integrating with a sol-gel-derived ZnO fi lm as an electron trans-
port layer, inverted PCDTBT:PC 70 BM solar cells show high effi -
ciency and promising long-term stability. A record high PCE up 
to 6.33% is demonstrated, and the PCE remains above 70% of 
the original value even after storage in air for 30 days. 

 The molecular structures of PCDTBT and PC 70 BM, the 
inverted cell device structure and the energy levels of the com-
ponent materials are shown in  Figure  1  . Sol-gel-derived ZnO 
fi lms were prepared using zinc acetate in 2-methoxyethanol as 
a precursor solution. The details of synthesis are described in 
the Experimental Section. The precursor solution was cast onto 
ITO-glass and subsequently treated at different annealing tem-
peratures (130  ° C, 150  ° C, and 200  ° C) for 1 h during which the 
precursor was converted to dense ZnO fi lm by hydrolysis. The 
valence band maximum (VBM) of the ZnO was determined 
by ultraviolet photoelectron spectroscopy (UPS), and the band 
gap ( E  g ) was obtained from the UV absorption edge. The VBM 
and the conduction band minimum (CBM) of the ZnO fi lm are 
7.68  ±  0.03 eV and 4.33  ±  0.07 eV, respectively. As shown in 
Figure  1 c, because the CBM is close to the energy of the lowest 
unoccupied molecular orbital (LUMO) of PC 70 BM, electron 
transport to the ITO cathode is expected. A stable molybdenum 
oxide (MoO  x  ) thin fi lm was selected as the hole extraction layer. 
The VBM of MoO  x   is 5.6 eV (determined by UPS), which is 
close to the highest occupied molecular orbital (HOMO) of 
PCDTBT. Thus, holes can be effi ciently transported to the Ag 
anode without signifi cant loss in energy.  

 In order to characterize the composition of sol-gel-derived 
ZnO fi lms, the X-ray photoelectron spectroscopy (XPS) meas-
urements were carried out.  Figure  2   shows core level XPS 
spectra of Zn 2p and O 1s for the sol-gel-derived ZnO fi lms 
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  Figure  1 .     a) The molecular structures of PCDTBT and PC 70 BM. b) The device structure of the 
inverted PCDTBT:PC 70 BM solar cell. c) Energy level diagram of the component materials used 
in device fabrication.  
annealed at various temperatures. From Figure  2 a, the binding 
energy of Zn 2p 3/2  peak was at 1022.7 eV in the ZnO fi lms 
annealed at 130  ° C. [  34–36  ]  Complete Zn 2p XPS spectra are 
shown in the Supporting Information. The maximum of the 
Zn 2p 3/2  peak shifts toward lower binding energy by 0.2 eV as 
the annealing temperature is increased up to 200  ° C; the shift 
implies that more Zn atoms are bound to O atoms. [  34  ]   

 The O 1s XPS spectra exhibit asymmetric line shapes (Figure  2 b). 
The peak with lower binding energy (531.4 eV) corresponds 
to O atoms in a ZnO matrix. The second peak, at 533.0 eV, is 
© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinwileyonlinelibrary.com0

      Figure  2 .     a) Zn 2p and b) O 1s XPS spectra of of ZnO fi lms with different annealing 
temperatures.  
attributed to an oxygen-defi cient component 
(for example, zinc hydroxide, Zn(OH) 2 ). [  37  ,  38  ]  
The main peak shifts towards lower energy 
by 0.2 eV after annealing at 200  ° C. From 
the decreased intensity of the higher 
binding energy component, we infer that the 
oxygen-defi cient component decreases with 
annealing. The relative magnitude of the 
low-binding-energy O atoms was 53% when 
annealed at 130  ° C and increased to 60% after 
annealing at 200  ° C. Therefore, annealing 
decreases the oxygen-defi cient component 
and increases the number of Zn–O bonds in 
the sol-gel-derived ZnO fi lm, leading to devi-
ation from 1:1 stoichiometry. From the XPS 
survey spectra, the atomic concentrations of 
Zn and O were obtained; 1:1.12 for a 130  ° C 
anneal and 1:1.22 for a 200  ° C anneal. 

 The surface roughness of the ZnO fi lm and 
the topography of PCDTBT:PC 70 BM composite 
were investigated by atomic force microscopy 
(AFM). As shown in  Figure  3  , uniform ZnO 
fi lms composed of small grains are observed. 
The root mean square (RMS) roughness 
values are 1.24 nm, 0.80 nm, and 1.29 nm for 
ZnO fi lms annealed at 130  ° C, 150  ° C, 200  ° C, 
respectively. However, PCDTBT:PC 70 BM fi lms deposited onto 
the ZnO/ITO glass substrates are insensitive to the ZnO surface 
topography; the average RMS roughness is 0.54 nm.  

 Current density–voltage ( J – V ) characteristics of inverted solar 
cells incorporating ZnO fi lms with different annealing temper-
atures under AM 1.5 G irradiation with irradiation intensity of 
100 mW cm  − 2  and in dark are shown in  Figure  4  .  Table  1   sum-
marizes the data. There is no signifi cant difference in device 
performance when ZnO fi lms were annealed at 150  ° C and 
200  ° C (PCE  ≈  6%). However, devices with ZnO fi lm annealed 
at 130  ° C show a reduced PCE (5.4%) with 
lower short-circuit current density ( J  sc ), open 
circuit voltage ( V  oc ), and a higher series resist-
ance ( R  s ). Incident photon-to-current effi -
ciency (IPCE) spectra are shown in Figure  4 b. 
For devices comprising ZnO fi lm annealed 
at either 150  ° C or 200  ° C, the maxmium 
IPCE is 68%, which is indicative of effi cient 
photon-to-electon conversion. Please note 
that the integrated IPCE values are always 
in good agreement with the measured short-
circuit current within a few percent.   

 To get additional insight into the device per-
formance, we examined the charge transport 
properties of the sol-gel-derived ZnO fi lms. 
Electron mobilities were obtained from fi eld-
effect transistors (FETs) fabricated with ZnO as 
the semiconducting layer in the channel (details 
are provided in the Supporting Information). 
Although X-ray diffraction (XRD) measurements 
show no crystallinity (2  θ   in the range of 30 to 
70 degrees), the electron mobility increases with 
increasing annealing temperatures (see Table  1 ). 
heim Adv. Mater. 2011, 23, 1679–1683
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  Figure  3 .     AFM images of ZnO fi ms with the following annealing temperaures: a) 130  ° C, c) 150  ° C, and e) 200  ° C. Topography images of PCDTBT:PC 70 BM 
active layer on top of ZnO fi lms with the following annealing temperaures: b)130  ° C, d) 150  ° C, and f) 200  ° C.  
 The use of metal oxides on both sides of the 
PCDTBT:PC 70 BM layer prevents the diffusion of mois-
ture into the active layer. The stability of the inverted 
PCDTBT:PC 70 BM solar cells (with MoO  x   as the hole trans-
port layer and ZnO as the electron transport layer) is shown 
© 2011 WILEY-VCH Verlag GAdv. Mater. 2011, 23, 1679–1683
in Figure  4 d. The solar cells were exposed continuously to 
air at room temperature (without any encapsulation barrier). 
The PCEs remain above 70% of the original value even after 
storage in air for more than 30 days. Note that because the 
HOMO of PCDTBT is 5.5 eV below the vacuum, PCDTBT is 
mbH & Co. KGaA, Weinheim wileyonlinelibrary.com 1681
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      Figure  4 .     a)  J – V  characteristics of inverted PCDTBT:PC 70 BM solar cells incorporating ZnO fi lms with the indicated annealing temperatures. b) IPCE 
spectra of inverted PCDTBT:PC 70 BM solar cells. c) Dark current of inverted PCDTBT:PC 70 BM solar cells. d) Normalized PCEs for inverted PCDTBT:PC 70 BM 
solar cells as a function of storage time in air under ambient conditions.  

   Table  1.     Characteristics of sol-gel-derived ZnO fi lms with different annealing temperatures and the device performance parameters of inverted 
PCDTBT:PC 70 BM solar cells fabricated with ZnO fi lm as the electron transport layer.  

Device VBM 
[eV]

CBM 
[eV]

μ 
[cm2 V−1 s−1]

Voc 
[V]

JSC 
[mA cm−2]

FF 
[%]

PCE 
[%]

Rs 

[Ω cm2]

Best Averagea)

ZnO 130 °C –7.65 –4.27 2.0 ×10−4 0.85 9.42 66.9 5.36 5.10 1.88

ZnO 150 °C –7.65 –4.31 2.8 ×10−3 0.88 10.27 66.8 6.03 5.86 1.00

ZnO 200 °C –7.71 –4.40 4.0 ×10−3 0.88 10.41 68.8 6.33 6.08 0.84

    a) The parameters of PCEs were averaged over ten solar cells.   
relatively stable against oxidation in ambient conditions. [33  ]  
Nevertheless, for PCDTBT:PCBM cells in the traditional 
architecture, the PCE decreases signifi cantly when exposed 
to air and the PCE is reduced by a factor of 2 after air expo-
sure for 16 h. 

 In conclusion, effi cient, air-stable inverted BHJ solar cells 
fabricated with a low-temperature annealed sol-gel-derived 
ZnO fi lm as an electron transport layer have been demon-
strated. Power conversion effi ciencies of approximately 6% are 
demonstrated. The solar cells are stable due to the combina-
tion of the air-stable semiconducting polymer (PCDTBT) and 
the metal oxide transport layers (ZnO as the electron transport 
layer and MoO  x   as the hole transport layer). The low annealing 
temperature (≤200  ° C) used to grow the ZnO fi lm is compat-
ible with fabrication on fl exible substrates. The results defi ne 
© 2011 WILEY-VCH Verlag wileyonlinelibrary.com
a promising pathway for the fabrication of polymer solar cells 
with high effi ciency and long-term stability  

 Experimental Section 
  Preparation of the ZnO Precursor : The ZnO precursor was prepared 

by dissolving zinc acetate dihydrate (Zn(CH 3 COO) 2  · 2H 2 O, Aldrich, 
99.9%, 1 g) and ethanolamine (NH 2 CH 2 CH 2 OH, Aldrich, 99.5%, 0.28 g) 
in 2-methoxyethanol (CH 3 OCH 2 CH 2 OH, Aldrich, 99.8%, 10 mL) under 
vigorous stirring for 12 h for the hydrolysis reaction in air. 

  Fabrication of Inverted PSCs : Inverted solar cells were fabricated on 
ITO-coated glass substrates. The ITO-coated glass substrates were fi rst 
cleaned with detergent, ultrasonicated in water, actone and isopropyl 
alcohol, and subsequently dried overnight in an oven. The ZnO precursor 
solution was spin-cast on top of the ITO-glass substrate. The fi lms 
were annealed at 130  ° C, 150  ° C, or 200  ° C for 1 h in air. The ZnO fi lm 
GmbH & Co. KGaA, Weinheim Adv. Mater. 2011, 23, 1679–1683
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thickness was approximately 30 nm, as determined by a profi lometer. 
The ZnO-coated substrates were transferred into a glove box. A solution 
containing a mixture of PCDTBT:PC 70 BM (1:4) in a mixed solvent 
(dichlorobenzene:chlorobenzene  =  3:1) with a concentration of 7 mg mL  − 1  
was spin-cast on top of ZnO fi lms with thickness of approximately 
70 nm. The polymer–fullerene fi lms were heated at 70  ° C for 10 min. 
Then, a thin layer of MoO  x   fi lm ( ≈ 6 nm) was evaporated on top of the 
active layer. Finally, the anode (Ag,  ≈ 60 nm) was deposited through a 
shadow mask by thermal evaporation in a vacuum of about 3  ×  10  − 6  Torr. 
The active area of device was 4.5 mm 2 .  J – V  characteristics were measured 
using a Keithley 236 source measure unit. Solar cell performance was 
measured using an Air Mass 1.5 Global (AM 1.5 G) solar simulator with 
an irradiation intensity of 100 mW cm  − 2 . The spectral mismatch factor 
was calculated by comparison of the solar simulator spectrum and the 
AM 1.5 spectrum at room temperature. The IPCE spectra for the inverted 
structure PSCs were measured on an IPCE measuring system. 

  Fabrication of FET Devices : All FET devices were fabricated on heavily 
n-type doped silicon (Si) wafers with a 200-nm-thick thermally grown SiO 2  
layer. The ZnO precursor solution was spin-cast on top of the untreated 
SiO 2  surface. Then, the fi lms are annealed at 130  ° C, 150  ° C, or 200  ° C 
for 1 h in air. The samples were then transferred into a glove box, and 
Al source and drain electrodes ( ≈ 60 nm) were deposited by thermal 
evaporation using a shadow mask. The channel length ( L ) and channel 
width ( W ) were 50  μ m and 1.5 mm, respectively. Electrical characterization 
was done using a Keithley semiconductor parametric analyzer (Keithley 
4200). All measurements were performed in a glove box. 

  Thin Film Characterization : The UV-vis absorption and transmission 
measurements of ZnO fi lms deposited onto quartz substrates were 
recorded at room temperature with an Agilent 8453 spectrophotometer. 
AFM imaging was carried out in air using an Asylum Research MFP-3D 
AFM. XRD measurements were carried out in air on a Philips Xpert MPD 
Diffractometer with a Cu K α  source (wavelength of 1.5405 Å). The XPS 
and UPS measurements were performed in a Kratos Ultra Spectrometer 
(a base pressure of 1  ×  10  − 9  Torr) using monochromatized Al K α  X-ray 
photons ( hv   =  1486.6 eV for XPS) and He I (21.2 eV for UPS) discharge 
lamp. ZnO fi lms were deposited on top of ITO substrates by spin-
casting in air. The pass energy and a step size were 40 eV and 0.05 eV 
for XPS and 10 eV and 0.025 eV for UPS. For XPS data, curve fi tting and 
linear background subtraction were done using CASA XPS (version 2.3) 
software. For UPS, a sample bias of –9 V was used in order to separate 
the sample and the secondary edge for the analyzer. All samples were 
kept inside a high vacuum chamber overnight to remove solvent.   

 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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