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a b s t r a c t

We report a unique nano-ridge structure of zinc oxide (ZnO) and its application in high per-
formance inverted polymer solar cells. The ZnO nano-ridge structure was formed by a sol–
gel process using a ramp annealing method. As the solvent slowly evaporated due to the
low heating rate, there was sufficient time for the gel particles to structurally relax and pile
up, resulting in a dense and undulated film. Nano-ridges with peak as high as 120 nm and
valley to valley distance of about 500 nm were formed. This film provided an effective hole
blocking layer and also an increased interfacial area for electron collection. An inverted
bulk heterojunction polymer solar cell was fabricated using the ZnO nano-ridge film as
the electron collecting layer. The device showed a high power conversion efficiency of
4.00%, an improvement of about 25% over similar solar cells made with a planar film of
ZnO nanoparticles.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction One important key to high performance inverted poly-
There exists significant interest in organic/polymer bulk
heterojunction solar cells due to their low temperature and
solution processability. Power conversion efficiencies (PCE)
have reached over 5–6% through careful control of mor-
phology [1,2] and the use of low band gap materials [3,4].
However, further improvement in efficiency and stability
is required. In parallel, highly efficient polymer solar cells
using an inverted structure, in which the positions of the
anode and cathode are reversed, have been demonstrated
[5,6]. The low work function metal, e.g. calcium, used as
the cathode in the regular structure, is replaced by a rela-
tively nonreactive electron collection layer. This signifi-
cantly improves the air stability of the solar cells.
Furthermore, vertical phase separation in polymer blends
has proven to be advantageous in the inverted structure [7].
. All rights reserved.
mer solar cell is the selection of the electron collection
layer. The purpose of the electron collection layer is to
provide hole blocking capability and a low resistive path-
way for efficient electron extraction. CsCO3 [8,9], TiO2

[10,11], TiO2:Cs [12] and ZnO [13,14] have been demon-
strated to be effective electron collection materials. In
particular, ZnO is an attractive material because of the
various nanostructures [15,16] that can be easily achieved
by solution processing for more efficient charge extrac-
tion and transport. For example, Takanezawa et al. [17]
has shown that using ZnO nanorods can improve electron
transport in bulk heterojunction solar cells. Inspired by
these works on ZnO-based inverted solar cells, we de-
signed a simple annealing process to achieve a nano-ridge
structure, which has improved hole blocking and electron
collection properties. The schematic of the device struc-
ture and the scanning electron microscopy (SEM) images
of the device and the ZnO nano-ridge structured film
are shown in Fig. 1.

http://dx.doi.org/10.1016/j.orgel.2009.08.011
mailto:yangy@ucla.edu
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Fig. 1. (a) Device structure, (b) SEM cross-sectional image of the inverted polymer solar cell, scale bar: 200 nm and (c) SEM image of the ZnO nano-ridge
film, scale bar: 500 nm.

Fig. 2. AFM images of the (a) ZnO nano-ridge and (b) ZnO nanoparticle planar films showing a 5 lm � 5 lm surface area. Close-up AFM images of ZnO
nano-ridge (c) and ZnO nanoparticle planar (d) films showing a 500 nm � 500 nm surface area.
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2. Experimental

The fabrication of sol–gel processed ZnO nanoparticle
films with planar and nano-ridge structures were made
from spin coating the same precursor solution but anneal-
ing under different conditions. The precursor solution, con-
sisting of 0.75 M zinc acetate dihydrate and 0.75 M
monoethanolamine in 2-methoxyethanol [18], was first
spun-coated onto indium tin oxide (ITO) substrates at
2000 rpm for 40 s. For the ZnO planar film, the substrate
was immediately placed onto a hot plate that was pre-
heated at 275 �C and annealed for 5 min. In order to form
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Fig. 3. The absorbance spectra for P3HT:PCBM on ZnO nano-ridge film
(dotted line) and planar film of ZnO nanoparticles (bold line) and the
transmittance spectra of the nano-ridge film (dotted line) and planar film
(bold line).
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the ZnO nano-ridge film, the spin-coated substrate was
first placed onto a hot plate that was initially at room tem-
perature while it was still not completely dry. The temper-
ature was then raised at a ramping rate of 50 �C/min to
275 �C and the substrates were subsequently removed
from the hot plate when the final temperature was
reached. We noticed an increase in sheet resistance of
the ITO films when the substrates were heated at higher
temperatures, so the annealing temperature the ZnO films
was limited at 275 �C. Quartz substrates were used when
measuring the transmittance of the ZnO films.

The resulting ZnO films were rinsed in de-ionized
water, acetone, and isopropyl alcohol and then dried to re-
move residual organic material from the surface. All pro-
cesses thus far were done in ambient air. The substrates
were then transferred into a nitrogen-filled glovebox for
polymer coating. Poly(3-hexylthiophene) (P3HT) and
[6,6]-phenyl C61 butyric acid methyl ester (PCBM) blend
films were spun-coated onto the substrates from a 1:1
wt-ratio solution in 1,2-dichlorobenzene (20 mg of P3HT/
ml of solvent) at 600 rpm using the slow-growth method
[1], followed by annealing on a hot plate at 110 �C for
10 min. To complete the solar cell devices, a 10 nm layer
of V2O5 (serving as a buffer layer for hole collection [8]),
following by 70 nm of Al was deposited by thermal evapo-
ration through shadow masks. The device area, as defined
by the overlap between the ITO and Al electrodes, was
0.09 cm2. The solar cells were measured under simulated
illumination at AM 1.5 G, 100 mW/cm2 with a Keithley
2400 source meter controlled by a computer program.
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Fig. 4. (a) Current density–voltage (J–V) curves of the ZnO nano-ridge
(triangle) and ZnO nanoparticles (square) devices under 100 mW/cm2 AM
1.5 irradiation. (b) Dark J–V curves of the same devices.
3. Results and discussion

The atomic force microscope (AFM) images of the nano-
ridge and planar films are shown in Fig. 2a and b, respec-
tively. Nano-ridges of ZnO nanoparticles with thickness
ranging from 50 nm to 120 nm were formed and the valley
to valley distance of the nano-ridges was about 500 nm.
The ZnO nano-ridge structure was formed by the reorgani-
zation of gel particles during the slow drying process
[19,20]. The ZnO planar film was relatively smooth with
an r.m.s. roughness of about 2.6 nm. The r.m.s. roughness
of the nano-ridge film was about 4.0 nm at the top of the
ridge. As the morphologies are very different between
the two structures, it is difficult to make a direct compari-
son in the r.m.s. roughness between them. Fig. 2c and d
shows the close-up AFM images of the nano-ridge and pla-
nar films, respectively.

The transmittance spectra of the ZnO films and absor-
bance of the ZnO films coated with P3HT:PCBM are shown
in Fig. 3. The ZnO nano-ridge film had a slightly lower
transmittance over a broad range of wavelengths as com-
pared to the ZnO planar film. This was due to the increase
in light scattering by the nano-ridges and was consistent
with the white foggy appearance of the film [21]. The poly-
mer films with both types of ZnO morphology showed very
similar absorption.

The current–voltage (J–V) characteristics of the solar cell
devices with ZnO nano-ridge and planar films under simu-
lated sunlight were shown in Fig. 4a. The device perfor-



Table 1
The device performance of inverted ZnO polymer solar cells. The values in parentheses are average values over 20 devices.

ZnO structure Active polymer Voc (V) Jsc (mA/cm2) PCE (%) FF (%) Rshunt/X (cm2) Rseries/X (cm2)

NP P3HT 0.80
(0.79)

0.19
(0.18)

0.06
(0.05)

44
(42)

4.60E4
(4.26E4)

15.0
(15.3)

NR P3HT 0.74
(0.74)

0.37
(0.35)

0.15
(0.14)

56
(55)

1.11E5
(1.06E5)

14.3
(14.5)

NP P3HT:PCBM 0.58
(0.58)

10.41
(10.35)

3.20
(3.06)

53
(51)

2.30E4
(1.77E4)

1.4
(1.6)

NR P3HT:PCBM 0.60
(0.60)

10.76
(10.57)

4.00
(3.87)

62
(61)

1.42E5
(1.11E5)

1.4
(1.5)
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mance is summarized in Table 1. The ZnO nano-ridge device
showed a remarkable improvement over the device with
the planar film. The average power conversion efficiency
of 20 devices fabricated with nano-ridge films was 3.87%,
while devices with planar films showed an efficiency of
only 3.06%. The best device performance obtained from
the nano-ridge device was 4.00%. The major improvement
in device performance arises from the higher fill factor
(FF) of the ZnO nano-ridge device, while the open circuit
voltage (Voc) and short-circuit current density (Jsc) re-
mained almost unchanged. This is reflected in the series
and shunt resistance as well. The shunt resistance showed
a difference of about an order of magnitude while the series
resistance was almost the same. Thus, it is unlikely that the
improvement in the device performance is due to the
change in carrier concentration or work function. We attrib-
uted this enhancement to lower leakage current due to the
improvement in hole blocking capability and electron col-
lection efficiency of the nano-ridge structured film.

The dark J–V curve (Fig. 4b) shows a lower leakage and
higher forward bias current for the ZnO nano-ridge device,
indicating better charge selectivity over the ZnO planar
film. This is due to the difference in the packing density
of the films. As the ZnO nano-ridge film is formed by a
slower heating process, there is sufficient time for the gel
film to structurally relax before crystallizing, resulting in
a denser film [18] than that of ZnO planar film [22]. A den-
ser film with fewer defects would be more effective in
blocking the transport of holes, leading to lower leakage
current, i.e. a larger shunt resistance and higher FF.

To clarify whether the nano-ridge structure of the ZnO
played a role in improving charge extraction, bilayer de-
vices without PCBM were also fabricated. The Jsc for the
ZnO nano-ridge bilayer device was close to two times high-
er than that of the device with the ZnO planar film, indicat-
ing a much larger interfacial area for charge separation.
Similar to the results of ZnO nanorods [22,23], we believe
that our ZnO played a comparable role, albeit a smaller
one, to that of the ZnO nanorods-based solar cells. The lar-
ger surface area of electrode contact and undulate network
structure minimized the distance charge carriers need to
travel in the active polymer to reach the electrodes.
4. Conclusion

We reported a ZnO nano-ridge structured film that can
be formed by a simple ramp annealing process. The nano-
ridge structure has comparable excellent electron collec-
tion properties as that of ZnO nanorods and yet can be
made with similar simple fabrication processes as the
ZnO planar film. The effect of the viscosity of the solution
and the solvent evaporation rate on the nano-structured
pattern is to be further studied. Both inverted bulk hetero-
junction polymer solar cells and ZnO:P3HT hybrid solar
cells showed remarkable improvements in efficiency when
the ZnO nano-ridge structure was used. We attributed the
improvement in FF to higher electron selectivity and more
efficient charge collection, leading to a 4.00% inverted
polymer solar cell.
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