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ue to its low cost and high effi-
ciency, dye-sensitized solar cell

D (DSSQ) is a promising candidate to

be a new renewable energy device.! The ef-
ficiency of a solar cell is determined by
three factors of light-harvesting efficiency,
electron injection efficiency, and electron
collection efficiency. To attain a high light-
harvesting efficiency, a dye-sensitized ana-
tase TiO, nanoparticle (NP) film with high
surface area is typically used to be the an-
ode of the DSSC.2 On the other hand, supe-
rior electron transport properties have been
demonstrated by using single-crystalline
ZnO nanowire (NW) DSSCs.3* A higher elec-
tron collection efficiency compared to TiO,
NP anode is achieved using the single-
crystalline ZnO NW anode.” However, the
photocurrents and the efficiencies of the
ZnO NW cells are inferior to those of the
conventional TiO, NP DSSCs.3® It was sug-
gested to be ascribed to insufficient surface
area of the ZnO NW anode for dye adsorp-
tion.? To enlarge the surface area without
sacrificing electron transport, composite an-
odes composed of high surface area NPs
and a NW array have been demonstrated
to improve the efficiency of ZnO NW
DSSCs.5~8

Since there is considerable “free” space
between NWs for light passing through, an
alternative approach for improving the effi-
ciency of NW DSSCs is to enhance the light-
harvesting efficiency by reflecting unab-
sorbed photons back into the NW anode.
In the case of the NP anode, a diffuse scat-
tering layer composed of large colloids is
utilized for this specific purpose of increas-
ing light-harvesting efficiency.® " The scat-
tering effect depends on the refractive in-
dex, size, and position of the scattering
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ABSTRACT A 74% enrichment of the efficiency of Zn0 nanowire (NW) dye-sensitized solar cells (DSSCs) is
achieved by the addition of a novel light-scattering nanocrystalline film (nanofilm). The 100 nm thick nanofilm is

derived from the polyvinylpyrrolidone-hosted Sn0,/Zn0 nanofibers electrospun on the top of Zn0 NW arrays via

methanol vapor treatment followed by high-temperature calcination. Structural characterizations show that the

film is composed of Sn0, and Zn0 nanocrystals with a diameter of ~10 nm. Short-circuit current, open-circuit
voltage, and fill factor of the nanofilm/Zn0 NW DSSCs are all superior to those of the ZnO NW DSSCs. The mechanism

of photocurrent enhancement in the nanofilm/Zn0 NW DSSCs has been investigated using optical modulation

spectroscopy. Intensity modulation photocurrent spectroscopy (IMPS) measurements reveal that the dye-

sensitized nanofilm does not contribute significant photocurrent in the nanofilm/Zn0 NW DSSCs. The significant

enhancement of the efficiency of the ZnO NW DSSCs is achieved by reflecting unabsorbed photons back into the NW

anode using the novel light-scattering layer of nanofilm.

KEYWORDS: ZnO nanowire - dye-sensitized solar cell - electrospinning -
nanofibers - nanofilms - light-scattering layer

particle. It is worth addressing that the sen-
sitized scattering layers also directly con-
tribute photoelectrons in aforementioned
DSSCs. The mechanisms of the enhance-
ments of photocurrents in these DSSCs
have to be examined carefully.
Electrospinning of inorganic/polymer
composite nanofibers has been demon-
strated by mixing an inorganic sol—gel pre-
cursor with a water-soluble polymer
solution.'?'* A continuous gel network
within the polymer matrix is produced in
the electrospun composite nanofibers. Inor-
ganic nanofibers can be subsequently ob-
tained by calcination of the composite
nanofibers at elevated temperatures in air
for removing the polymer matrix.'>'* Re-
cently, electrospun TiO, and ZnO fibers
have been demonstrated to be the anodes
for dye sensitization in DSSCs.'*'® In addi-
tion, fibers (~250 nm in diameter) electro-
spun on thick NP electrodes have been uti-
lized as a light-harvesting layer, as well.’®
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Figure 1. Schematics of (a) ZnO NW, (b) nanofiber/ZnO NW, and (c) nano-
film/ZnO NW anodes.

In order to reflect the lights passing through the
free space between NWs back to the NW electrode por-
tion, the light-scattering material in the NW DSSCs
needs to exhibit a reflection index higher than that of
the electrolyte which occupies the free space between
NWs. The reflection indexes of the conventional electro-
lytes are ~1.4 in DSSCs. In addition, to examine the con-
cept of the enhancement of the light-harvesting effi-
ciency of NW DSSCs by the sole mechanism of reflecting
unabsorbed photons back into the NW anode, the light-
scattering layer which does not directly contribute photo-
current in the ZnO NW DSSCs is highly desired in the
present work. To construct such “pure” light-scattering
layer, one should employ a semiconductor material
with lower conduction band edge compared to that of
ZnO. The photoelectrons in the light-scattering layer,
which inject from the adsorbed dye molecules, are
therefore unable to efficiently transport to the ZnO
NW anode. For aforementioned criteria, SnO, that pos-
sesses the reflection index of ~2.0"” and the conduction
band edge lower than that of ZnO'® is the potential can-
didate for the light-scattering material in the ZnO NW
DSSCs.

Due to its continuously one-dimensional and hori-
zontal configuration, in the present work, the electro-

spun Sn0,/Zn0 nanofibers are employed to be the
light-scattering matter on the ZnO NW anode. The
Sn0,/Zn0 nanofibers, instead of pure SnO, nanofibers,
are employed to improve the adhesion between the
nanofibers and ZnO NWs. Moreover, by utilizing the
polar-solvent-soluble characteristic of the polymer
matrix,'>'3 a continuous nanofilm on the top of the
ZnO NW array is obtained via methanol vapor treat-
ment followed by a high-temperature calcination. The
schematics of the nanofiber/ZnO NW and nano-
film/ZnO NW anodes are illustrated in Figure 1. A signifi-
cant enrichment of the efficiency of ZnO NW DSSCs is
achieved by the addition of the light-scattering nano-
film. The mechanism of photocurrent enhancement in
the nanofilm/ZnO NW DSSCs has been investigated us-
ing optical modulation spectroscopy.

RESULTS AND DISCUSSION

Porous nanofibers composed of SnO,/Zn0O nano-
crystals can be produced by the calcination of electro-
spun and polyvinylpyrrolidone (PVP)-hosted SnO,/ZnO
nanofibers (Figure S1, Supporting Information). High-
density PVP-hosted SnO,/Zn0O nanofibers are further
electrospun on the top of ZnO NW arrays to construct
nanocomposite photoanodes for use in DSSCs. Figure
2a,b shows the top-view and cross-sectional scanning
electron microscopy (SEM) images of the electrospun
nanofibers on the ZnO NW array after calcination at 600
°C, respectively. A broad diameter distribution of the
nanofibers on the ZnO NW array is observed in Figure
2a. The diameter of the PVP-hosted nanofiber increases
slightly with time as a result of absorbing moisture by
the polymer matrix of hydrophilic (polar-solvent-
soluble) PVP'%'3 before calcination. The nanofibers elec-
trospun earlier swell more than those electrospun later.

Figure 2. (a) Top-view and (b) cross-sectional SEM images of nanofibers on the ZnO NW array; (c) top-view and (d) cross-
sectional SEM images of the nanofilm on ZnO NW array. The scale bar in the inset of (c) is 500 nm.
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Figure 3. (a) TEM image and the corresponding SAED pat-
tern (inset) of the nanofilm. (b) HRTEM image of the
nanofilm.

Accordingly, in the present work, the hydrophilic char-
acteristic of PVP is further employed to modify the fea-
ture of the light-scattering matter from the PVP-hosted
nanofibers on the ZnO NW photoanode.
As-electrospun nanofibers on the ZnO NW array are
treated in a methanol vapor ambiance at room temper-
ature followed by calcination at 600 °C. Figure 2c,d dis-
plays typical top-view and cross-sectional SEM images
of the nanocomposite with methanol vapor treatment,
respectively. They reveal that a thin film instead of
nanofibers is formed on the top of the ZnO NW array.
Few particles with a size of ~1 um also appear on the
surface of the film. In addition, severe cracking of the
thin film is observed, and the tips of the covered
nanowires are embedded in the film, as shown in Fig-
ure 2c¢. Figure 2d shows that the thickness of the film is
~100 nm. We suggest that the as-electrospun nano-
fibers are reconstructed to a “free-standing” thin film
via absorbing methanol vapor. The free-standing thin
film, which is still composed of the inorganic sol dis-
persed in the PVP matrix, is supported by the tips of
ZnO nanowires. After calination at 600 °C, PVP is decom-
posed away and a nanofilm with many cracks is thus
formed on the top of the ZnO NW array. The structure
of the nanofilm is further characterized by transmission
electron microscopy (TEM). Typical TEM image and the
corresponding selected area electron diffraction (SAED)
pattern of the nanofilm are shown in Figure 3a and its
inset. The TEM image reveals that the film is com-
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Figure 4. Reflection spectra of the ZnO NW array, nanofiber/ZnO
NW array, and nanofilm/ZnO NW array on FTO substrates.

posed of nanocrystals with a diameter of ~10 nm. In ad-
dition, the d spacings calculated from the SAED pat-
terns are consistent with those of hexagonal ZnO and
tetragonal SnO; structures as indexed in the SAED pat-
tern. Figure 3b reveals a typical high-resolution (HR)
TEM image of the nanofilm. Lattice fringes are evidently
shown, and the d spacings estimated from the HRTEM
image can be referred to those of ZnO and SnO, crys-
tals, as well.

The reflection spectra of the ZnO NW array, nano-
fiber/ZnO NW array, and nanofilm/ZnO NW array
formed on FTO substrates are shown in Figure 4. The
three spectra illustrate the near band edge absorption
of ZnO at 380 nm. In addition, Figure 4 reveals that the
reflections of the three nanostructures are in order of
ZnO NW array < nanofiber/ZnO NW array < nano-
film/ZnO NW array in the wavelength range of
400—1000 nm, demonstrating the reflective abilities of
the nanofilm and nanofibers on the ZnO NW arrays. The
lights reflected by the light-scattering nanofilm might
experience multiple reflections in the free space be-
tween the nanofilm and FTO substrate, resulting in only
an ~8% increase of the reflection compared to that of
ZnO NWs.

D149, an indoline dye, is used to sensitize the nano-
fiber/ZnO NW array and nanofilm/ZnO NW array. It
should be addressed here that the cracks of nanofilm,
which permit electrolyte to penetrate into the ZnO NW
array, make the nanocomposite of the nanofilm/ZnO
NW array possibly be the anode of DSSC. Figure 5a
shows the photocurrent density (J)—voltage (V) charac-
teristics of the nanofiber/ZnO NW and nanofilm/ZnO
NW DSSCs under the AM-1.5 illumination at 100 mW/
cm? The J—V curve of ZnO NW DSSCs without the light-
scattering layer is also illustrated in Figure 5a for com-
parison. The ZnO NW array is also annealed at 600 °C for
use in the DSSC. The lengths of the NWs are ~3 pm
for the fabrication of the three DSSCs. The 8 and 22% in-
crements of the short-circuit current density (J.) of
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Figure 5. (a) J—V characteristics of the ZnO NW, nanofiber/ZnO
NW, and nanofilm/ZnO NW DSSCs. (b) IPCE spectra of the nano-
film/ZnO NW and ZnO NW DSSCs.

ZnO NW DSSCs are achieved by forming nanofibers
and nanofilm on the top of the ZnO NW anode, respec-
tively, which are ascribed to the enhancement of the
light-harvesting efficiency of the photoanode. A more
significant enrichment of J,. is achieved in the nano-
film/ZnO NW DSSCs as a result of the coverage of the
nanofilm being larger than that of the nanofiber layer
on the ZnO NW array, as shown in Figure 2a,c. In addi-
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Figure 6. J—V characteristics of the Sn0O,/Zn0 nanofiber and
Sn0,/Zn0 nanofilm DSSCs.
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tion to the enrichment of J., the open-circuit voltage
(Voo) and fill factor (FF) of ZnO NW DSSCs are also im-
proved by the formation of nanofibers or nanofilm on
the top of the ZnO NW anode. The increments of V.
and FF in the nanofilm/ZnO NW DSSCs compared to the
ZnO NW DSSCs are 29 and 119%, respectively. Combin-
ing the enhancements of Ji, Vi, and FF, a 74% improve-
ment of the efficiency (n) of the ZnO NW is achieved
by the addition of the light-scattering nanofilm. Figure
5b illustrates the IPCE spectra as a function of wave-
length for the nanofilm/ZnO NW and ZnO NW DSSCs.
The nanofilm/ZnO NW DSSC shows a superior photo-
electrical response to ZnO NW DSSCs in the wave-
lengths ranging from 400 to 650 nm.

Sn0,/Zn0 nanofiber and Sn0O,/Zn0O nanofilm DSSCs
are further fabricated to examine the photovoltaic
properties of the nanofiber and nanofilm DSSCs in the
absence of the ZnO NWs. Typical top-view and cross-
sectional-view SEM images of the SnO,/Zn0O nanofibers
and nanofilms on FTO substrates are shown in Figure
S2 (Supporting Information), revealing similar features
to those formed on ZnO NW arrays as displayed in Fig-
ure 2. Figure 6 shows the J—V characteristics of the
Sn0,/Zn0 nanofiber and nanofilm DSSCs under the
AM-1.5 illumination at 100 mW/cm?. The SnO,/ZnO
nanofiber DSSC possesses rather low J;c and m, which
may result from the poor interface between nanofibers
and FTO substrate. On the other hand, with a film thick-
ness of ~100 nm, the Sn0,/Zn0O nanofilm DSSC per-
forms as an efficient solar cell with the J;c. and m of 1.81
mA cm~2 and 0.49, respectively.

Vo is fundamentally corresponding to the differ-
ence of the Fermi level of anode and the redox poten-
tial of electrolyte.’ With nanofibers or nanofilm on the
top of ZnO NW anode, the higher concentration of photo-
electron on the conduction band, that is, larger photo-
current as shown in Figure 5a, elevates the quasi-Fermi
level of the ZnO NW anode, which could result in larger
Vyc in the nanofiber/ZnO NW and nanofilm/ZnO NW
DSSCs. On the other hand, we can not rule out other in-
fluences of the SnO,/Zn0O nanofilm on the V,. of nano-
film/ZnO NW DSSC since the V, of nanofilm DSSC is
considerably larger than that of the ZnO NW cell. There
are two possible mechanisms for the improvement of
light-harvesting efficiency by the nanofibers and nano-
film on the top of ZnO NW anode. One is that the sur-
face area of the anode is increased by the addition of
nanofibers or nanofilm, which results in a higher
amount of dye adsorption and therefore higher Jq.
The other one is that the nanofibers and nanofilm per-
form as the light-scattering matter on the top of ZnO
NW anodes to enhance light-harvesting efficiency.
Since the nanofibers and nanofilm are composed of
Sn0,/Zn0 nanocrystals and the conduction band mini-
mum of Sn0; is lower than that of ZnO,'® the photoelec-
trons injected into the nanofibers and nanofilm are un-
able to efficiently transport to the ZnO NW anode.

Www.acsnano.org



Although the SnO,/Zn0O nanofilm DSSC demonstrates
an apparent J,,, we suggest that J, values in the nano-
fiber/ZnO NW and nanofilm/ZnO NW DSSCs are mainly
attributed to the photoelectrons excited from the dye
molecules adsorbed on the single-crystalline ZnO NW
array. That is, the major role of the nanofibers and nano-
film is the light-scattering matter on the top of the
ZnO NW anode. Further investigation of the mecha-
nism of photocurrent enhancement is performed by
optical modulation spectroscopy.

Intensity modulation photocurrent spectroscopy
(IMPS) is employed to measure the dynamic of elec-
tron transport in the ZnO NW, nanofiber/ZnO NW, and
nanofilm/ZnO NW DSSCs. Light intensity dependence
of dynamics of electron transport in the three DSSCs ob-
tained from IMPS measurements are shown in Figure
7. IMPS measurements reveal that the ZnO NW DSSC
sustains a constant transit time of 52 s when the light
intensity is decreased. The constant transit time of the
ZnO NW DSSC has been demonstrated, and it is as-
cribed to very few traps existing in the ZnO NWs. >
On the other hand, the electron transit times in the
nanofiber/ZnO NW and nanofilm/ZnO NW DSSCs keep
constants of 514 and 527 ps, respectively, when the
light intensity is varied. The constant transit times indi-
cate that electrons experience very few trapping/de-
trapping events as well when diffusing through the
nanofiber/ZnO NW and nanofilm/ZnO NW anodes.
However, many traps exist within the grain boundaries
of light-scattering layers since both nanofibers and
nanofilm are composed of nanocrystals, as shown in
Figure S1 (Supporting Information) and Figure 3. The
electron transport properties in the SnO,/ZnO nanofilm
DSSC (in the absence of the ZnO NW array) is further ex-
amined by IMPS. The behavior of the light intensity de-
pendence on the electron transit time in the SnO,/Zn0O
nanofilm DSSC is also shown in Figure 7, revealing the
significantly larger transit times than that in the nano-
film/ZnO NW anode. Moreover, the decrease of the
transit time in the nanofilm anode is observed as in-
creasing the light intensity. It results from the fact that,
with a higher light intensity, more photoelectrons are
present to fill the deep traps of the nanofilm anode and
electron trapping/detrapping involves shallower trap
levels only.

According to the IMPS results of the SnO,/Zn0O nano-
film DSSC, an increase of the transit time will be ob-
served in the nanofiber/ZnO NW or nanofilm/ZnO NW
DSSCs as decreasing the light intensity if there was sig-
nificant photocurrent originated from the dye-
sensitized nanofibers or nanofilm on the top of ZnO
NW arrays. However, the constant electron transit times
are obtained in the nanofiber/ZnO NW and nano-
film/ZnO NW DSSCs under various light intensities. In
addition, the transit time in the nanofilm/ZnO NW
DSSCs is significantly shorter than those in the SnO,/
ZnO nanofilm DSSCs. The results indicate that the light-
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Figure 7. Light intensity dependence of the transit times in the
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scattering layers of nanofibers and nanofilm do not con-
tribute significant photocurrent in the nanofiber/ZnO
NW and nanofilm/ZnO NW DSSCs. We suggest that the
apparently larger electron transit times in nano-
fiber/ZnO NW and nanofilm/ZnO NW DSSCs compared
to that in the ZnO NW DSSC are ascribed to reflection
phase shifts of the lights reflected/scattered by the
light-scattering layer during IMPS measurement (Sup-
porting Information). Unlike the conventional light-
scattering layers, which not only reflect light but also di-
rectly contribute photocurrent in DSSCs, in the present
work, the nanofibers and nanofilm play a major role in
light scattering in the nanostructured ZnO NW DSSCs. It
is therefore concluded that the considerable enhance-
ment of the efficiency of the ZnO NW DSSC is achieved
by reflecting unabsorbed photons back into the NW an-
ode using the novel light-scattering layer of nanofilm.

CONCLUSIONS

A 74% enrichment of the efficiency of ZnO NW DSSC
is achieved using a novel light-scattering layer of nano-
film. To construct a nanofilm on a ZnO NW array, the
PVP-hosted SnO,/Zn0O nanofibers electrospun on the
top of NWs are swollen using methanol vapor followed
by high-temperature calcination. Structural character-
izations show that the film is composed of SnO, and
ZnO nanocrystals with a diameter of ~10 nm. Ji, Vi,
and FF of the nanofilm/ZnO NW DSSCs are all enhanced
compared to those of the ZnO NW DSSCs. The reflec-
tion measurements confirm the reflective ability of the
nanofilm on the top of ZnO NW arrays. IPCE spectra also
show that the nanofilm/ZnO NW DSSC possesses a su-
perior photoelectrical response to ZnO NW DSSC. The
IMPS results show a constant but apparently larger elec-
tron transit time in the nanofilm/ZnO NW DSSCs com-
pared to that in the ZnO NW cell under various light in-
tensities, which indicates that the dye-sensitized
nanofilm does not contribute significant photocurrent
in the nanofilm/ZnO NW DSSC. The significant enhance-
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ment of the efficiency of the ZnO NW DSSC by the light-
scattering layer of nanofilm is mainly attributed to the

EXPERIMENTAL METHODS

Formation of ZnO NW arrays on fluorine-doped tin oxide
(FTO) substrates has been described in detail elsewhere.® The
lengths of the NWs are ~3 pm for the fabrication of DSSCs.
Polymer-hosted Sn0O,/Zn0O nanofibers were directly electrospun
onto the collector or ZnO NW array using a methanolic solution
of 0.15 g/mL polyvinylpyrrolidone (PVP, M,, = 1 300 000, Aldrich),
0.1 M ZnAc; - 2H,0, 0.05 M SnCl, - 5H,0, and 1.3 M tert-
butylamine (TBA). An electrical potential of 15 kV was applied
across the syringe and collector with a distance of 9 cm. SnO,/
ZnO nanofibers were obtained after the calcination of PVP-
hosted nanofibers at 600 °C for 1 h. To construct the SnO,/ZnO
nanofilm on the top of ZnO NW array, as-electrospun nanofibers
on the ZnO NW array were treated in a methanol vapor ambi-
ance at room temperature for 10 min followed by calcination at
600 °C for 1 h. The morphologies of the nanostructures were ex-
amined using SEM (JEOL JSM-7000F). The crystal structures of
the nanofibers and nanofilms were investigated using XRD
(Rigaku D/MAX-2000 and Rigaku D/MAX-2500) and TEM (JEOL
2100F). Optical reflectance of the nanostructures were measured
using a UV—vis—NIR spectrophotometer (JASCO V-670)
equipped with an integrating sphere. The incident light enters
from FTO glass into the nanostructures.

D149 dye (Mitsubishi Paper Mills, Ltd.) was used to sensitize
the ZnO-based electrodes. Dye adsorption was carried out by im-
mersing the anode in a 1 X 10~° M acetonitrile/t-butyl alcohol
(1:1) solution of D149 at 80 °C for 1 h. The sensitized electrode
and platinized FTO counter electrodes were sandwiched to-
gether with 25 pwm thick hot-melt spacers (SX 1170-25, Solaronix
SA). Liquid electrolyte solutions composed of 0.5 M Pr,NI and
50 mM |, in a 1:4 volume ratio of ethylene carbonate and aceto-
nitrile were employed for the D149-sensitized DSSCs. Photo-
voltaic characteristics of the DSSCs were measured under AM-
1.5 simulated sunlight at 100 mW cm~2 (300 W, Model 91160A,
Oriel). The exposed area is 0.16 cm? for all cells.

IMPS measurements were performed under a modulated
green LED light (530 nm) driven by a source supply (Zahner,
PP210) and a potentiostat (Zaher, IM6ex) with a frequency re-
sponse analyzer (FRA). The illumination intensity ranged from 30
to 90 mW cm™2 The light intensity modulation was 20% of the
base light intensity over the frequency range of 107'—10% Hz.
The amplitudes and phase shifts of the modulated short-circuit
photocurrents relative to the modulated illumination were mea-
sured by FRA by combining the signals from PP210 and IM6eX
for IMPS. The method for extraction of transit times of the DSSCs
from the IMPS responses has been described in detail else-
where.®
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