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Nanostructure of solar cell materials is often essential for the device performance. V2O5

nanobelt structure is synthesized with a solution process and further used as an anode buf-
fer layer in polymer solar cells, resulting insignificantly improved power conversion effi-
ciency (PCE of 2.71%) much higher than that of devices without the buffer layer (PCE of
0.14%) or with V2O5 powder as the buffer layer (1.08%). X-ray diffraction (XRD) results indi-
cate that the V2O5 nanobelt structure has better phase separation while providing higher
surface area for the P3HT:PCBM active layer to enhance photocurrent. The measured
impedance spectrums show that the V2O5 nanobelt structure has faster charge transport
than the powder material. This work clearly demonstrates that V2O5 nanobelt has great
potential as a substitute of the conventionally used PEDOT-PSS buffer layer for high perfor-
mance devices.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

Polymer solar cells have attracted much attention due
to their potential for low cost and large area solar cell de-
vices [1–8]. The most widely studied polymer solar cell is
composed of a layer of poly(3-hexylthiophene) (P3HT)/
phenyl-C61-butyric acid methyl ester (PCBM) bulk het-
erojunction (BHJ) sandwiched between a transparent ITO
anode and a metal cathode [9–16]. During illumination,
excitons are generated in the P3HT:PCBM layer and fur-
ther dissociated into free charges driven by the different
energy levels of P3HT and PCBM followed by being trans-
ported to ITO anode and metal cathode for collection. In
the process the electrical contacts between the
P3HT:PCBM layer and the two electrodes have a critical
effect on the device characteristics such as short-circuit
. All rights reserved.
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current density (Jsc), open-circuit voltage (Voc), fill factor
(FF) and power conversion efficiency (PCE). Modification
of the electrodes using inorganic or organic charge
transport buffer layer is a common way to improve the
contacts between the BHJ layer and electrodes. Poly
(3,4-ethylene-dioxythiophene)-poly (styrene sulfonic
acid) (PEDOT-PSS) is the most widely used material to
modify the ITO anode as the buffer layer [17]. However,
numerous studies have shown that PEDOT-PSS is not suit-
able for mass production of polymer solar cells due to the
intrinsic acid and hygroscopic properties [18]. Therefore,
alternative materials such as WO3, NiO, Cs2CO3, V2O5

and MoO3 have been developed [19–22]. Sol–gel depos-
ited V2O5, MoO3 and WO3–V2O5 mixed oxides have been
used to modify the anode in organic electronics recently
[23,24]. In particular, these transition metal oxides like
MoO3, WO3, and V2O5 have been proven that they are
actually n-type semiconductors with very deep lying con-
ductive band and a high work function [25,26]. A very
recent work even shows that V2O5 has a huge work
function of 7 eV [27]. Therefore, they are not electron
blocking material. V2O5 is one of those transition metal
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Fig. 1. FESEM image of the (a) V2O5 nanobelt film, (b) V2O5 nanobelt on ITO substrate, (c) V2O5 powder on ITO substrate and (d) ITO substrate.
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oxides explored as the buffer layer in polymer solar cells
with both normal structure and inverted structure
[19,22], in which V2O5 is deposited on the substrate by
thermal evaporation method, which is unfavorable for
mass production. Solution-processed V2O5 has been em-
ployed as an anode interlayer in a polymer solar cell with
an inverted structure [28], demonstrating 40% PCE
improvement. However, the effect of V2O5 nanostructure
as a buffer layer on device performance has not been
studied. In this work, V2O5 nanobelts are synthesized with
a solution process and further used as an anode buffer
layer in normal structure polymer solar cell devices. The
XRD and impedance results are compared with devices
comprising a V2O5 powder buffer layer to study the per-
formance enhancement mechanism of the nanobelt
structure.

2. Experimental

V2O5 nanobelts were prepared by a hydrothermal
method [29]. Typically, V2O5 powder (0.364 g, Aldrich-
223794, >98%) and 30 mL H2O were mixed at room tem-
perature followed by adding 5 mL 30% H2O2 to produce a
transparent orange solution. The resultant solution was
then transferred to a 60 mL autoclave and kept in an oven
at 200 �C for 3 days. The product was washed with anhy-
drous ethanol and distilled water several times. Finally, it
was dried at 80 �C in vacuum for 6 h. The synthesized
products were characterized by a field emission scanning
electron microscope (FESEM, JSM-6700F).

To fabricate polymer solar cell devices, the V2O5 nano-
belt or V2O5 powder with various concentrations in isopro-
panol (IPA) was ultrasonicated to form a pale yellow
solution. The solution was spin-coated on top of a pre-
cleaned ITO patterned glass substrate at 1000 rpm for
30 s. P3HT (Aldrich) blended with PCBM (American Dye
Source) were dissolved in chlorobenzene (with concentra-
tion of 20 and 16 mg/mL, respectively) and spin coated
onto the V2O5 nanobelt layer at 1000 rpm for 30 s. After
that, the devices were transferred into vacuum
(<1.5 � 10�5 Pa) for the thermal deposition of aluminum
electrodes (100 nm). After devices fabrication, thermal
annealing was carried out in vacuum at 150 �C before the
characteristic current–voltage (I–V) curves were measured
by Keithley 2420 under illumination of a Newport solar
simulator with AM 1.5G filter. All the fabrication and mea-
surement processes except the aluminum electrode depo-
sition were carried out in air at room temperature.

The X-ray diffractograms (XRD) samples (measured by
Bruker AXS D8 Advance) were fabricated by the same pro-
cedure of fabricating solar cell devices except that the Al
electrodes were not deposited on top of the P3HT:PCBM
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Fig. 2. Relationship of photovoltaic parameters (Voc, Jsc, FF and PCE) versus V2O5 nanobelt (a and b) and powder (c and d) concentration (lg/mL).

Fig. 3. X-ray diffraction results of different ITO/P3HT:PCBM with V2O5

nanobelt and V2O5 powder as buffer layer.
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layer. The concentration of V2O5 powder and V2O5 nano-
belt for XRD samples are 200 lg/mL. Two samples with
only V2O5 powder and V2O5 nanobelt on top of ITO were
fabricated for comparison.

3. Results and discussion

The FESEM images of free standing V2O5 nanobelt film
and V2O5 nanobelt formed on ITO surface are shown in
Fig. 1, illustrating that the products are composed of a large
quantity of nanobelt with typical lengths up to tens of
micrometers (Fig. 1a). The nanobelts are flexible and have
smooth surfaces. Higher resolution images (not shown
here) show that the width and the thickness of these nano-
belts are around 100 and 20 nm, respectively. After V2O5

nanobelts are dissolved in isopropanol and spin coated
on ITO surface, they become shorter in length (Fig. 1b).
The SEM sample in Fig. 1b was prepared by spin coating
a low concentration of V2O5 nanobelt (5 lg/mL) onto ITO
surface for non-full coverage, which gave clear images of
the nanobelts. V2O5 powder was also dissolved in IPA
(50 lg/mL) and spin coated on ITO to obtain SEM images
for comparison. As shown in Fig. 1c and d, the surface mor-
phology of V2O5 powder film is relatively smooth almost
the same as that of ITO. Obviously, the V2O5 nanobelt film
is much rougher than that of power V2O5 film and ITO sur-
face. This result agrees with the reported AFM images of
V2O5 powder sample [28].
The concentrations of V2O5 nanobelt and powder were
optimized respectively to achieve the highest PCE. The re-
sults show that with the V2O5 nanobelt concentration Jsc,
Voc, and FF increase until the highest PCE of 2.71% achieves
at the concentration of 200 lg/mL, then decrease follow
(Fig. 2a and b). V2O5 powder devices exhibit a similar trend,
in which with increase of the V2O5 powder concentration
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Fig. 4. (a) The ac impedance responses of the devices with V2O5 powder (black), V2O5 nanobelt (red) and PEDOT-PSS (blue) as the buffer layer. (b) The
equivalent diagram of the devices. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)

Table 1
The series resistance (Rs), parallel resistance (Rp), capacitance (C) and time
constant (T) extracted from the fitted data.

Rs (X) C (nF) Rp (X) T (ls)

V2O5 nanobelt 43.55 3.24 64,417 209
V2O5 powder 39.34 3.29 121,580 400
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the device PCE increases until reaching the maximum 1.08%
at 100 lg/mL, then decreases also follows (Fig. 2c and d).
The effect of V2O5 as a buffer layer on a polymer solar cell
performance is understandable. V2O5 has been recently re-
ported by Meyer et al. to have as high work function as
7.0 eV, indicating that it is a very efficient hole-injector
due to the dipole at the V2O5-organic layer interface [27].
The dipole could efficiently extract holes from the active
layer for better solar cell performance [24]. However, at
low concentrations, no enough V2O5 nanobelts or powder
covers the surface of ITO electrode as shown by the SEM
images in Fig. 1b. That is why the PCE increases with in-
crease of the V2O5 concentration. However, after the nano-
belts or power fully cover the ITO electrode surface to
achieve the maximum PCE, further increase of the V2O5

concentration leads to more than one layer of V2O5 nano-
belt or powder on the ITO electrode surface, which could
cause high resistance of hole transport to decrease in pho-
tocurrent Jsc and PCE as well. When the concentration of
V2O5 is larger than 1000 lg/mL, devices eventually cannot
work possibly due to either high resistance of the whole
cell.

Although the devices with V2O5 powder as the buffer
layer considerably improves PCE in powder devices from
0.14% to 1.08%, they cannot compete with V2O5 nanobelt-
buffered devices with the highest PCE of 2.71%. In particu-
lar, the V2O5 powder buffered devices have much lower Jsc

and FF than that of the nanobelts-buffered devices. X-ray
diffraction (XRD) was characterized to study the reason
of higher Jsc of V2O5 nanobelt devices compared to that of
V2O5 powder devices in Fig. 3. No peak over a range of
4–10� is observed for the surfaces of bare ITO, V2O5 powder
on ITO and V2O5 nanobelt on ITO. The peaks at 2h = 5.4� in
both V2O5 powder and V2O5 nanobelt-buffered
P3HT:PCBM samples correspond to the reflection of spac-
ing between P3HT lamellae. The peak at 2h = 8.2� only ob-
served in the V2O5 nanobelt-buffered device is the crystal
domain of PCBM [30]. This indicates that V2O5 nanobelt
buffer enhances the crystallinity and phase separation in
the P3HT:PCBM film. It has been reported that enhanced
phase separation could lead to the increase of Jsc [12,31].
Therefore, the better Jsc of V2O5 nanobelt devices is contrib-
uted from the enhanced phase separation in the active
layer.

Impedance spectra were measured as shown in Fig. 4a
to study the hole transport properties of V2O5 as the buffer
layers, each of which shows a semicircles and can be fitted
by the equivalent circuit shown in Fig. 4b, which comprises
series resistance (Rs), parallel resistance (Rp) and capaci-
tance (C) of the devices. The fitted data in Table 1 show
that Rs and C do not have significant difference. However,
the charge transport resistance (Rp) of the nanobelt-buf-
fered device is significantly lower than the powder-buf-
fered one, indicating that former has much faster charge
transport rate than the latter. The time constant
(T � Rp � C) are 409 and 209 ls for V2O5 powder and
V2O5 nanobelt based devices, respectively. A shorter time
constant means that charge can move faster to reach the
electrode for reducing the charge recombination process
[32], thus resulting in larger photocurrent. Obviously, the



Fig. 5. Current density versus bias voltage curve of devices with and without V2O5 nanostructure, the inset is the enlarged part of the curve from 0 to 0.6 V.
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short time constant of the nanobelt buffer layer mainly
comes from the low charge transport resistance. Therefore,
V2O5 nanobelt buffer layer can facilitate the charge trans-
port between the two electrodes while reducing the
recombination process to increase Jsc. The rougher surface
of the V2O5 nanobelt film as shown in Fig. 1 could eventu-
ally increase charge passing area and thus could be another
possible reason to boost Jsc.

The current density versus bias voltage characteristics
of the photovoltaic devices without buffer layer, with
200 lg/mL V2O5 nanobelt and with PEDOT-PSS as buffer
layer in dark and under irradiation of AM 1.5
100 mW cm�2 are compared in Fig. 5, showing that both
buffered devices give significantly higher performance.
The non-buffered devices illustrate a nearly symmetric J–
V curve, indicating a large leakage current (�29 mA/cm2

in dark and 23 mA/cm2 under light). In the devices with
V2O5 nanobelt as the buffer layer the leakage current are
much lower (�1 mA/cm2 in dark and 12 mA/cm2 under
light). Since the direction of the leakage current is reverse
to that of the photocurrent, a lower leakage current leads
to enhanced Voc and FF and thus higher efficiency. The re-
sults in Fig. 5 clearly show that V2O5 nanobelt (200 lg/
mL)-buffered solar cell improves PCE than that without
such a buffer layer by 20 times and even has Jsc

(9.35 mA/cm2), FF (51.9%) and PCE (2.72%) higher than that
(Jsc: 8.34 mA/cm2, FF: 48.6% and PCE: 2.39%) of PEDOT-PSS-
buffered polymer solar device fabricated with the same
conditions in our lab. Very recently, Zilberberg et al.’s work
demonstrates that a smooth V2O5 layer fabricated from a
sol–gel process, which is relatively flat without nanowire
or belt feature could also achieve similar performance to
the PEDOT-PSS control device [24]. This may indicate that
the sol–gel process could provide an approach to make a
material with better charge transport or/and charge sepa-
ration properties. We wonder whether a nanowire struc-
ture made from the sol–gel process could further
improve the device performance. Experiments are planned
and will be conducted in this lab. It is worthy of a note that
the PCEs achieved in this work is lower than the common
value of 3.0–5.0% very possibly due to that all the fabrica-
tions are carried out in air and it is in agreement with that
reported by Wu et al. [33,34].

4. Conclusion

In conclusion, the nanostructure effect of V2O5 buffer
layer on performance of polymer solar cells has been stud-
ied. V2O5 nanobelts are synthesized by a solution process
and further used as the anode buffer layer. The V2O5 nano-
belt-buffered device achieves PCE of 2.71%, which is much
higher than that (1.08%) of V2O5 powder-buffered device.
XRD results support that the V2O5 nanobelt buffer layer
could promote the phase separation in the active layer for
higher short circuit current. The impedance spectrum
proves that V2O5 nanobelt buffer layer can significantly
shorten the charge transport time in the active layer to re-
duce the charge recombination for higher Jsc. The V2O5

nanobelt-buffered solar cell also demonstrates higher PCE
(2.71%) than that (2.39%) of PEDOT-PSS buffered device.
We can argue that this work provides not only fundamental
insights of the nanostructure effect on solar cell perfor-
mance, but also a good substitute (V2O5 nanobelt) for PED-
OT-PSS to improve the P3HT:PCBM solar cell performance.
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