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ZnO nanoparticle-nanowire (NP-NW) array hybrid photoanodes for dye-sensitized solar cell (DSC)
with NW arrays to serve as a direct pathway for fast electron transport and NPs dispersed between
NWs to offer a high specific surface area for sufficient dye adsorption has been fabricated and
investigated to improve the power conversion efficiency (PCE). The overall PCE of the ZnO hybrid
photoanode DSC with the N3-sensitized has reached ~4.2%, much higher than both ~1.58% of
ZnO NW DSC and ~1.31% of ZnO NP DSC, prepared and tested under otherwise identical
conditions. © 2010 American Institute of Physics. [doi:10.1063/1.3327339]

Dye-sensitized solar cells (DSCs) have attracted a lot of
attention as they are low-cost third generation solar cells,
potentially for wide-spread commercialization.'™ The key
element in DSC is the photoelectrode, which consists of
highly porous wide band gap semiconductors, typically TiO,
and ZnO network with dye molecules adsorbed onto the sur-
face forming a monolayer. Dye molecules capture the inci-
dent photons and generate electron—hole pairs; electrons are
readily injected into the conduction band of TiO, or ZnO and
transported to charge collector. In order to achieve high
power conversion efficiency (PCE), a large amount of dye
molecules should be adsorbed, so a high specific surface area
is desired. The charge transfer from dye molecules to charge
collector should be efficient so as to minimize or eliminate
possible loss of charges through surface recombination.
Based on the TiO, nanoparticle (NP) network, the DSC has
achieved AM 1.5 solar efficiencies more than 10%.*° How-
ever, the further enhancement in PCE is difficult, partly due
to charge recombination and reduced electron transport rate
through the nanocrystalline photoanodes.6 Efforts have been
made to improve the charge transport in the photoelectrode,
and the enhancement has been demonstrated by using one-
dimensional nanostructure, including ZnO nanorod and
nanowire (NW) and TiO, nanotube arrays.6_9 However, the
PCE of such DSC remained low, for example, ZnO NW DSC
with the NW length as long as 33 um was only 2.1% (Ref.
10) and a key point which limited the PCE of ZnO NW DSC
should be an insufficient surface area for dye adsorption.6

The further improved the PCE of the DSC can be ex-
pected by making the photoanodes with exhibited both a
high surface area and fast electron transport. Various ZnO
structures have been employed to be used as photoanode of
the DSC to improve the surface area and electron transport,
including branch structure,11 tetrapod,12 nanoﬂower,13 and
composite NW/NP.'*"'® The overall PCE of these cells were
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largely increased, compared to pure ZnO NP DSC, which
amounted to 1.51%, 3.27%, 1.9%, and 3.2% for branch
structure, tetrapod, nanoflower, and composite ZnO NW/NP,
respectively. The increase in the overall PCE is due to the
enriched surface area for better dye loading and higher
charge trzlnsport.16’17 In this work, we report on the fabrica-
tion and investigation of DSC using ZnO NP and NW array
photoanode (hybrid ZnO NW-NP DSC). The ZnO hybrid
photoanode composed of ~11 wum length ZnO NW arrays
to serve as a direct pathway for fast electron transport and
crystallite ZnO NPs dispersed between ZnO NWs to offer a
high surface area for dye adsorption.

Figure 1 is the scanning electron microscopy (SEM) im-
ages with Fig. 1(a) showing the top-view and Fig. 1(b) the
cross-section of ZnO NW arrays. Details of a synthesis of

(a)

FIG. 1. SEM images of ZnO NW arrays and hybrid ZnO NW-NP, (a) the
top-view of ZnO NW arrays, (b) cross-section of ZnO NW arrays, (c) top-
view of hybrid ZnO NW-NP, and (d) cross-section of hybrid ZnO NW-NP.
Scale bars in [(a)—(d)] are 1 wm.
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FIG. 2. (Color online) XRD patterns of ZnO NW and hybrid ZnO NW-NP.

ZnO NW arrays can be found elsewhere."'!" In brief,
the ~100 nm thick seed layer was first prepared on
the fluorine-doped tin oxide (FTO) glass substrates by spin-
coat 0.60 moll™' of Zn(CH;COO),-2H,0 in a
2-methoxyethanol/monoethanolamine. The seed substrates
were annealed at 250 °C for 10 min, and subsequent soaking
in an aqueous solution of 0.015 M Zn(NO;), and 0.015 M
hexamethylenetetramine at 95 °C for 60 h with refreshing
the growth solution every 12 h. The ZnO NWs with a diam-
eter in the range of 40-500 nm (average ~116 nm) and a
length of ~11 um were well aligned perpendicularly to the
FTO substrate. From SEM images, the density of ZnO NWs
is estimated to be ~14 wires/ um?. By spin-coating the col-
loidal dispersion of ZnO NPs (synthesized in diethylene gly-
col at 240 °C) on the top of ZnO NW arrays, the ZnO NPs
with the average diameter of about 14 nm were partly pen-
etrated and dispersed between of the ZnO NWs but with the
large fraction remained and coated on the surface of NW
arrays [shown in Figs. 1(c) and 1(d)].

Figure 2 shows and compares the XRD patterns of the
ZnO NW film and hybrid ZnO NW-NP photoanode. ZnO
NW-NP film exhibited a high crystallinity with very well
defined (100), (002), and (101) diffraction peaks. The (002)
diffraction peak is mainly attributed to the wurtzite structure
of well aligned ZnO NWs which tend to occur along the
c-axis.”’ The (100) and (101) diffraction peaks are resulted
from the ZnO NPs.*!

Figure 3 shows the photocurrent density (I)-voltage (V)
characteristics for the DSC fabricated using N3-sensitized
ZnO NPs, ZnO NWs, and hybrid ZnO NW-NP. The values of
short-circuit current density (J,.), open-circuit voltage (V,.),
fill factor (FF), and overall PCE (7), were summarized in
Table I. The PCE of ZnO NW DSC with the length of ~1.7,
5.1, and 11 um were 0.94%, 1.16%, and 1.58%, respec-
tively. The increase in efficiency with the length of NW was
the result of increase the surface area for dye absorption.
However, there is no linear dependence between the PCE

TABLE I. The photovoltaic properties of ZnO DSCs.
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FIG. 3. (Color online) The photocurrent density-voltage curves of the N3-
sensitized; (a) ZnO NP DSC, ZnO NW DSC, and hybrid ZnO NW-NP DSC
and (b) ZnO NW DSC with the lengths of ~1.7, 5.1, and 11 um.

and the length of ZnO NWs. Such a lack of direct relation-
ship may be partly ascribed to the fact that the density of the
NWs decreases with an increased length as a result of evo-
Iution selection growth. Reduced density of NWs would lead
to a reduced surface area for dye adsorption. The obtained
V,. and FF of ZnO NW DSCs are comparable to Law et al.®
and Xu er al.'’ The best overall PCE of DSC with the ZnO
hybrid photoanode has reached 4.2% with V. of 613 mV, J .
of 15.16 mA/cm?, and a FF of 46%, far higher than both
1.58% of ZnO NW DSC, and 1.31% of ZnO NP DSC which
prepared and tested under otherwise identical conditions.
The remarkable improved solar cell performance of ZnO
NW-NP hybrid DSC was the results from the increase in Jg,
and FF, which may be attributed to the following reasons.
First, high-crystalline ZnO NPs (~14 mm) dispersed be-
tween long ZnO NW arrays (~11 um) resulted in an in-
creased surface area for more dye adsorption and, thus, an
increased J SC.M’IS’” The amount of dye molecules adsorbed
on ZnO NW and hybrid ZnO NW-NP photoelectrodes,
by desorbing the dye molecules using a 0.1 M aqueous
NaOH solution was found to be 6.39X10'® and 7.48
X 10'® molecule/cm?, respectively. These results agree very
well with the results reported by Rao and Dutta®* and Seow
et al.;23 which showed the number of dye molecules ad-

The thickness of DSC T Ve FF n
Samples (um) (mA/cm?) (mV) (%) (%)
ZnO NW ~1.7 (NW) 4.09 553 41 0.94
ZnO NW ~5.1 (NW) 4.55 609 41 1.16
ZnO NW ~11 (NW) 6.79 629 37 1.58
ZnO NP ~10 (NP) 4.94 521 51 1.31
Hybrid ZnO NW-NP ~11+~2 (NW+NP) 15.16 613 46 4.24

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



073115-3

Yodyingyong et al.

r
I
I
!
|
I
!

| 7Y Electron diffusion

FIG. 4. (Color online) (a) The SEM image of ZnO NPs on the surface of
ZnO NW in the hybrid ZnO NW-NP photoanode, scale bars 100 nm and (b)
the schematic representation of the possible electron path way in the hybrid
ZnO NW-NP photoanode.

sorbed on the ZnO NW surface is greater than that on the
ZnO NP surface. Second, the single crystalline ZnO NWs in
the hybrid ZnO NW-NP photoanode served as direct path-
ways for rapid charge transfer and consequently reduce the
loss of charges as suggested in the open literature.”'® Sche-
matic representation of the possible electron path way for the
hybrid ZnO NW-NP DSC shows in Fig. 4(b). Finally, the
increase in adsorbed-dyes on the ZnO NPs covered on the
surface of ZnO NWs, as shown in Fig. 4(a), provides a suf-
ficient electron which can compensate the sacrificing elec-
tron during the electron transport and, thus, improve the
FF. It is also noted that although ZnO NWs in micrometer
length may serve as light scatters as reported with large
aggregates%26 or particles,27 the significant enhancement of
short circuit current density only in hybrid ZnO NW-NP pho-
toanode DSC is unlikely due to the scattering effect. Further
experiments are under way to improve the penetration of
ZnO NPs between the ZnO NWs to further enhance the PCE.

In summary, the hybrid ZnO NW-NP photoanode for
DSC has been fabricated and investigated to improve the
PCE. The hybrid photoanode composed of ZnO NW arrays
to serve as a direct pathway for fast electron transport and
ZnO NPs dispersed and filled the gaps between ZnO NWs to
offer a high surface area for sufficient dye adsorption. The
overall PCE of DSC with the N3-sensitized ZnO hybrid pho-
toanode has reached ~4.2%, with V of ~613 mV, J . of
~152 mA/cm?, and a FF of ~46%, far higher than
~1.58% of ZnO NW DSC, and ~1.31% of ZnO NP DSC,
prepared and tested under otherwise identical conditions and
all without chemical modification nor antireflection coating.
The remarkably improved solar cell performance is attrib-
uted mainly to the improvement in J,, which can be ex-
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plained by the high surface area and fast electron transport of
ZnO hybrid photoanodes.
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