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The application of TiOz-based devices is mainly dependent on their crystalline structure, morphology, size, and
exposed facets. Two kinds of TiO2 with different structures, namely TiO2 pompons and TiO2 nanotubes, have been
prepared by the hydrothermal method. TiOg with different structures is characterized by scanning electron microscopy
(SEM), X-ray diffraction (XRD), and Brunauer-Emmett—Teller (BET) surface area analysis. Solar cells based on
poly(3-hexylthiophene) (P3HT) and TiO2 with different structures are fabricated. In the device ITO/TiO2/P3HT/Au,
the P3HT is designed to act as the electron donor, and TiO2 pompons and TiO2 nanotubes act as the electron acceptor.
The effects of the TiOg structure on the performance of hybrid heterojunction solar cells are investigated. The device
with TiO2 pompons has an open circuit voltage (Voc) of 0.51 V, a short circuit current (Jsc) of 0.21 mA/cm?, and a
fill factor (FF) of 28.3%. Another device with TiOs nanotubes has a Voc of 0.5 V, Jse of 0.27 mA/cm?, and FF of
28.4%. The results indicate that the TiO2 nanotubes with a unidimensional structure have better carrier transport and
light absorption properties than TiOz pompons. Consequently, the solar cell based on TiOg2 nanotubes has a better

performance.
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1. Introduction

Polymer/organic photovoltaic cells have attracted
considerable attention due to their lightness, low cost,
and simple fabrication process.!~7 In particular or-
ganic/inorganic bulk heterojunction photovoltaic cells
are gaining popularity, because the active layer is con-
structed by organic materials as the donor and inor-
ganic semiconductors as the acceptor. The hybrid ac-
tive layer combines the advantages of high electron
mobility and stability of inorganic materials with the
solution-processing of organic materials. In addition,
the compensated light harvest of organic materials
and inorganic semiconductors enlarges the absorption
range of sunlight and leads to the efficient conver-

[ Titanium oxide (TiOz) nanocrys-

sion of sunlight.
tals have been considered as one of the most impor-

tant inorganic semiconductors in the research of or-
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ganic/inorganic bulk heterojunction photovoltaic cells
due to their high photoelectrochemical activity, chem-
ical stability, non-toxicity, easiness to preparation,
and so on.[®] TiO, plays three roles in photovoltaic
devices: (i) as antireflection coating or a scattering
layer,'>M1] (i) the interlayer in organic solar cells
(0SC),112 (iii) a part of the active layer of the de-
vice acting as the electron transport material in dye-
sensitized solar cells (DSSC) and hybrid solar cells
(HSC).1'3:1] Extensive studies confirm that the crys-
talline structure, morphology, size and exposed facets
of TiOs can affect the performance of a TiOs-based
dye-sensitized solar cell.'®=21 However, little atten-
tion has been paid to the influence of TiOg struc-
ture on the performance of heterojunction solar cells.
Herein, two kinds of TiOy with different structure,
pompon-like TiO9 nanoparticles (TiO2 pompons) and
TiO2 nanotubes, have been prepared and character-

*Project supported by the Ministry of Science and Technology of China (Grant No. 2011CB932802), the National Natural Sci-
ence Foundation of China (Grant No. 60978060), and the Beijing Municipal Science & Technology Commission, China (Grant

No. Z090803044009001).
tCorresponding author. E-mail: piaoly@nanoctr.cn
fCorresponding author. E-mail: slzhao@bjtu.edu.cn

(© 2012 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb  http://cpb.iphy.ac.cn

118401-1



Chin. Phys. B Vol. 21, No. 11 (2012) 118401

ized in this paper. Furthermore, they are incorpo-
rated into bilayer heterojunction devices with poly(3-
hexylthiophene) (P3HT) as a donor. The influence of
the TiOg structure on the performance of solar cells

has been investigated.

2. Model and method

The synthesis of TiOy pompons was carried out
by a hydrothermal method. 4.5-g cetyltrimethyl am-
monium bromide (CTAB) and 14-ml tetrabutyl ti-
tanate (TBOT) were dissolved in 25-ml anhydrous
ethanol and stirred for 1 h at room temperature. In
this way, a homogeneous transparent solution was ob-
tained. 15-ml alcohol-water (weight ratio of 1:0.5) so-
lution was added into the above transparent solution.
The resultant solution was stirred for 3 h. The pH
of the solution was adjusted to 11 using NaOH solu-
tion (1 mol/1). Then the solution was transferred into
a Teflon-lined autoclave and remained at 100 °C for
10 h. After that the precipitate was filtered, washed
with high purity water, and dried at 100 °C for 10 h.
The dried sample was calcined at 450 “C for 3 h to
obtain TiOy pompons.

The TiO5 nanotubes were synthesized through a
hydrothermal process. We dispersed 1-g TiO2 powder
into 50-ml 10-mol/L NaOH solution, then placed the
mixture in a 100-ml Teflon-lined autoclave. The au-
toclave was maintained at 150 “C for 24 h, and then
cooled to room temperature. The precipitate was sep-
arated by centrifugation, and washed with 0.1-mol/L
HCI solution, high purity water, and absolute ethanol
until the pH value reached 7.0. The samples were
dried at 100 °C overnight and calcined at 450 ~C for 5
h in air. Finally, the TiO2 nanotubes were obtained.

Two kinds of TiO; pastes were synthesized ac-
cording to Ref. [22]. Then the fabrication of the pho-
tovoltaic devices was carried out in the following steps.
ITO glass was used as a current collector (25-nm thick-
ness, 60 Q/0). It was cleaned in a detergent solu-
tion of water, ethanol, and acetone using an ultrasonic
bath for 15 min, respectively. The titania pastes were
deposited by spin coating at 1500 rpm on the ITO sub-
strate, followed by calcinations at 450 “C for 1 h in
air. After cooling to room temperature, a chloroform
solution of P3HT was spin-coated on the TiO2/ITO
substrate. The Au electrode was then evaporated in a
vacuum evaporation system (lower than 5x107% Torr)
at 0.1 A/s. The thickness of Au was about 50 nm. The

active area of each device was 0.1 cm?, which is lim-
ited by a shadow mask The structures of the devices
are ITO/TiOs (pompons or nanotubes) /P3HT/Au.

The X-ray diffraction (XRD) patterns of the TiOq
samples were recorded by a powder XRD instrument
(Brucker D8 Advance) with Cu Ka radiation (wave-
length: 1.54056 A). Scanning electron microscopy
(SEM) images were taken using a field-emission SEM
(FE-SEM, Hitachi S-4800).
microscope (TEM) images of the TiOs nanotubes
were obtained by an FEI F-20 high-resolution TEM
(HRTEM). Brunauer-Emmett—Teller (BET) specific

surface area and pore size distribution profile of the

Transmission electron

TiO, were obtained using a Tristar II 3020 ana-
lyzer. The absorption spectra of the active layers
of the devices were measured with a Shimadzu UV-
3101. A 150-W Xenon lamp was used as the broad-
band light source and the intensity of incident light
is 100 mW/cm?. The current—voltage (I-V) charac-
teristics of the devices were measured with a Keithley

2410 source measurement unit.

3. Results and discussion

Figure 1 shows the XRD patterns of the TiOq
pompons and TiOy nanotubes. The diffraction peaks
are rather sharp, which indicates that the obtained
TiO4 has a relatively high crystallinity. The observed
26 value of the XRD patterns was 25°, 38°, 48°, and
Hence, the XRD results indicate
that both the TiO; pompons and TiO5 nanotubes are
anatase phase TiOz (JCPDS card No.21-1272).

54°, respectively.
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Fig. 1. XRD patterns of the TiO2 pompons and TiOg
nanotubes.

Figures 2(a)-2(d) show the electron microscope
images of TiOs pompons and TiO5 nanotubes, respec-
tively. Asshown in Figs. 2(a) and 2(b), the TiO3 pom-
pons contain numerous pompon-like aggregates, and
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almost all of them show the same morphology. The
size of the TiOg pompons is about 1 pm. Figures 2(c)
and 2(d) show the SEM and TEM images of the TiO,
nanotubes. A large amount of TiO, nanotubes have

uniform inner and outer diameters along their length.
The TEM images confirm that the TiOs nanotubes

possess hollow structures. The average diameter of

the TiO5 nanotubes is about 10 nm.

100 nm
A

Fig. 2. SEM images of (a, b) TiO2 pompons and (¢) TiO2 nanotubes. (d) TEM image of the TiO2 nanotubes.
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Fig. 3. Nitrogen adsorption isotherms of the TiO2 pom-
pons and TiOs nanotubes.

Figure 3 shows the nitrogen adsorption isotherms
of the TiOy pompons and TiO; nanotubes The
isotherms are actually typical IV-type adsorption
isotherms (type Hs hysteresis loop), indicating the ex-
istence of mesopores. In addition, the BET specific

surface areas of powder samples were analyzed. Pore-
size distribution was calculated from the isotherms
obtained by using the Barret—Joyner—Halenda (BJH)
method[?3] The BET surface areas and the pore in-
formation of TiOy pompons and TiOs nanotubes are
listed in Table 1.

Table 1. Pore size (D), pore volume (V), and BET surface
area (SpgT) of the TiO2 pompons and TiO2 nanotubes.

Sample D/nm  V/ecm3?g=™!  S/m?.g~!
TiO2 pompon 6.2 0.165 137.5
TiO2 nanotube 3.9 0.162 91.3

UV-visible absorption spectra of active dual lay-
ers (TiO3/P3HT) containing TiO2 with different
structures were also observed (see Fig. 4). The ab-
sorbed wavelength of active layers containing the TiO4
nanotubes was dramatically improved compared with
that based on the TiOs pompons from 200 to 800 nm.
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This arises mainly from two intrinsic optical properties
of dense unidimensional nanostructure arrays. The
light scattering is enhanced by the antireflective effect
and increased light absorption path length between
nanotubes.[24:25 Moreover, P3HT can link with TiOs
though the S-end atom.['8) TiO, nanotubes have a
special structure with both interior and exterior walls,
which is favorable for the link between P3HT and
TiO2 nanotubes. The absorption of the active layer
containing TiOs pompons shows the overlapping ab-
sorption bands of P3HT and TiOy. The TiOy pom-
pons have bigger surface areas than the TiOs nan-
otubes, and theoretically they can absorb more dye
molecules. However, the TiOs pompons are easy to
conglomerate during the process of fabrication into
film. Thus, the absorption of the active layer with
the TiOy pompons is not improved. This enhanced
absorption spectrum is expected to lead to a larger
number of photogenerated excitons, and thus a larger

photocurrent.

—s— TiO; pompons+P3HT
—o— TiO3 nanotubes+P3HT

Absorbance/a.u.

Wavelength/nm

Fig. 4. UV-visible absorption spectra of the active layers.

Figure 5 shows the -V characteristics of the de-
vices with different structures of TiO5 and the inten-
sity of illumination is 100 mW/cm?. The inset fig-
ure shows the structure of the device. From the -V
curve, the properties of the devices are obtained that
the device with the TiO2 pompons gave a performance
with an open circuit voltage (V;.) of 0.51 V, a short
circuit current (Js.) of 0.21 mA/ecm?, and fill factor
(FF) of 28.3%. Another device with the TiO2 nan-
otubes exhibited a performance with V. of 0.5 V, Jg
of 0.27 mA/cm?, and FF of 28.4%. The photovoltaic
properties of the two devices are summarized in Ta-
ble 2. The TiO, structure can exert an influence on
the Js. of TiO9 based devices and affect V. and FF
slightly. The higher Jy. of the TiO5 nanotubes based

device can be attributed to the effective light scatter-
ing effects and the dual-channel for effective electron
The study shows that the hollow struc-

tured waveguided materials can stop or slow the light
[26]

transport.
and trap the rainbow Hence the special hollow
structure of the TiOs nanotube has a stronger light
scattering effect and it increases the light absorbance
of the nanotube film to 400-800 nm (Fig. 4). The
dual-channel of the TiO5 nanotubes can effectively
transport electrons and hold back the photogenerated
carrier recombination, thus it increases the short cir-
cuit currents. From this work, the effect of the TiOq
structure on the performance was approved.
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Fig. 5. (colour online) Current—voltage characteristic

curves of the cells using TiO2 pompons and TiO2 nan-
otubes. Inset: schematic diagram of the heterojunction
solar cell.

Table 2. Photovoltaic properties of the two devices based
on TiO2 pompons and TiO2 nanotubes.

Device Voc/V JSC/mA~cm’2 FF
ITO/TiO2 pompons/P3HT/Au  0.51 0.21 28.3
ITO/TiO2 nanotubes/P3HT/Au 0.50 0.27 28.4

4. Conclusion

In summary, we have synthesized two different
kinds of anatase TiOy powder, TiOs nanotubes and
TiOs pompons. Both the TiOs nanotubes and TiOq
pompons have been employed for heterojunction so-
lar cell fabrication and their device performance has
been compared. The structures of the devices are
ITO/TiO2 (pompons or nanotubes) /P3HT/Au. It
was found that the Js., Voe, and FF of TiOs nan-
otubes cell were 0.27 mA/cm?, 0.50 V, and 28.4%
under a xenon lamp intensity of 100 mW /cm?, re-
spectively. However, the TiO; pompons cell has Jg
of 0.21 mA/cm?, V,. of 0.51 V, and FF of 28.3% un-
der the same light intensity. From the above inves-
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tigations, it is concluded that the Jy. of the hetero-
junction solar cell depends remarkably on the TiOq
structure, and the V. and FF are correlated with the
structure of TiO5. The TiO5 nanotubes-based device
has a higher Jg., which can be attributed to the ef-
fective light scattering effects and the dual-channel

for effective electron transport. The special hollow

structure of the TiOy nanotubes has stronger light
scattering effects. Moreover, it can increase the light
absorbance of the nanotubes film. The dual-channel
of TiO5 nanotubes can effectively transport electrons
and hold back the photogenerated carrier recombina-
tion, and thus increase the short circuit currents.
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