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The poly(3-hexyl thiophene):TiO, nanorod (P3HT:TiO,) solar cell has a better thermal stability than
the P3HT:PCBM solar cell; however, the former has a lower power conversion efficiency (PCE) than
the latter. We would like to enhance the PCE of P3HT:TiO, solar cell by improving the electron
mobility of anatase TiO, nanorods. Two novel approaches: (1) ripening and (2) boron doping for
TiO, nanorods were explored. TiO, nanorods were synthesized first by sol-gel process in the presence
of an oleic acid surfactant at 98 °C for 10 h. The size of the TiO, nanocrystal is about 35 nm in length
and 5 nm in diameter. The insulating oleic acid on the TiO, nanorods was replaced by pyridine (as-
synthesized TiO,) for good compatibility and charge transport between P3HT and TiO, in the
application of hybrid P3HT:TiO, nanorod solar cells. The crystallinity of the as-synthesized TiO,
nanorods was increased through ripening (120 °C, 24 h) by using an autoclave reactor while the size
of the nanocrystals was not significantly changed. Boron doped TiO, nanorods (B-doped TiO,) were
synthesized using the same sol-gel process of as-synthesized TiO, nanorods but by replacing 0.7 at.%
Ti with B using boron n-butoxide instead of titanium tetraisopropoxide. The UV-Vis spectroscopy
and X-ray photoelectron spectroscopy (XPS) analyses indicate the B is present in TiO, nanorods as
substitutional defects which can be either Ti-O-B or O-Ti-B bonding, with a B 1 s binding energy of
192.1 eV. The ripening process is more effective at increasing the crystallinity of TiO, nanorods than
boron doping, as shown by XRD and Raman spectroscopy. The electron mobility of the TiO,
nanorods is improved from 6.21 x 107> to 2.33x 10" * (cm?® V"' s) and 5.27x 10" * (cm® V' 5) for
ripened TiO, and B-doped TiO,, respectively, as compared with as-synthesized TiO,. The PCE of
P3HT:TiO, solar cells was increased by 1.31 times and 1.79 times under A. M. 1.5 illumination for
ripened and B-doped TiO,, respectively, as compared with as-synthesized TiO,. The B-doped TiO,
has the highest mobility and PCE, mainly due to the presence of partially reduced Ti*" by boron atom
with delocalized electrons.

P3HT:CdSe and P3HT:TiO,. They usually have better thermal
stability than polymer—fullerene derivative systems.” The
P3HT:CdSe®? solar cells have shown higher PCE as compared
with P3HT:TiO, solar cells'® due to the visible light absorption
capability of CdSe nanoparticles. However, CdSe is toxic and
unstable as compared with low cost and environmental friendly
TiO,. Thus, many research groups have been worked on the
P3HT:TiO, system to improve its PCE."'"'® One of the
approaches to increase the performance of polymer—semiconduct-
ing nanoparticle solar cells is to increase the mobility of the
materials. The main cause of the low cell efficiency of P3HT:TiO,
system is due to their unbalanced carrier mobility. The mobility of
TiO, is lower than that of P3HT by one to two orders.” Therefore,
we would like to increase the electron mobility of TiO,. Two
approaches are explored: ripening and boron doping. Both
approaches have been used for increasing the crystallinity of bulk

1 Introduction

The bulk heterojunction (BHJ) solar cell has potential to become a
next-generation low cost and flexible solar cell.'> Two types of
BHJ solar cells have been extensively studied. One is the polymer—
fullerene derivative systems, such as poly(3-hexylthiophene)
(P3HT) and [6,6]-phenyl Cg;-butyric acid methyl ester (PCBM),
which have attracted most interest due to their high power
conversion efficiency (PCE).> However, the morphology of
polymer—fullerene derivatives is not stable upon heating which
results in limited long term stability.® The other type is
the polymer—semiconducting nanoparticle systems, such as
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Ti0,.!%2?° The boron doping has been studied extensively to
increase the photocatalytic property of anatase Ti0,.2°>*
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2 Experimental

All chemicals were purchased from Aldrich and used as received
without further purification. For the thermal ripening of TiO,
nanorods, we first synthesized TiO, nanorods chemically,
according to the literature.”* Here we refer to them as as-
synthesized TiO, nanorods (as-synthesized TiO,). Briefly, 180 g
oleic acid (OA) was placed in a three-necked flask at 120 °C for
1 h to remove residual water, after which it was cooled to 98 °C.
A stable mixture was obtained when 7.5 ml titanium tetra-
isopropoxide (TTIP) was injected into the OA to form a pale
yellow complex precursor. A 5.7 g trimethylamine-N-oxide
dihydrate (TMAO) aqueous solution was dissolved in 25 ml
deionized water. Then, TMAO solution was rapidly injected into
the mixture. After stirring for 10 h, the TiO, nanorods were
obtained. The TiO, nanorods were washed four times with
methanol and isolated by centrifugation. Then, the nanorods
were further treated with pyridine by refluxing at 70 °C for 24 h
in Ar to remove oleic acid and as-synthesized TiO, nanorods
were obtained. The as-synthesized TiO, nanorods were placed in
an autoclave reactor (Parr Instrument Company) for ripening at
120 °C for 24 h to obtain ripened TiO, nanorods (ripened TiO5).
For the synthesis of boron doped TiO, nanorods (B-doped
TiO,), the same sol-gel process of as synthesized TiO, nanorods
was used but by replacing 0.7 at% Ti with B using boron
n-butoxide instead of the titanium tetraisopropoxide described
above, and then reacted at 98 °C for 10 h under stirring. The
oleic acid of synthesized nanoparticles was replaced by pyridine
as described above to obtain B-doped TiO,.

The particle size and morphology of the nanocrystals was
studied by transmission electron microscopy (TEM) (FEI Tecnai
G2 F20) at 200 keV. Selected-area electron diffraction (SAED)
patterns were obtained to define the crystalline phase. The
crystal structure of TiO, nanorods was determined by X-ray
diffraction (XRD) (Rigaku, TTRAX III) using Cu-Ka radiation
at 50 kV and 300 mA. XRD patterns were collected from 20
between 20 and 80 with a 0.005° step at a speed of 5° min .
Raman spectra (WITec, CMR200) were obtained from TiO,
powder by using / = 633.6 nm for excitation. Thermogravimetric
analysis (TGA) (TA Instrument, SDT-Q600) was performed
from room temperature to 550 °C at a heating rate of 20 °C
min~ ! in air to determine the quantity of surface ligand of TiO».
The spectra of X-ray photoelectron spectrometry (XPS)
(ULVAC-PHI, Chigasaki) were obtained by using Al K,
radiation with a photoelectron take off angle of 45° at a high
vacuum environment (~ 1077 torr) to examine core-levels. The
UV-Vis spectra of different TiO, nanorods were obtained using
Perkin Elmer Lambda 35 UV/Vis spectrometer.

The devices consist of five layers with the structure of ITO/
PEDOT:PSS/P3HT:TiO,/TiO, nanorods/Al were fabricated
accordingly to our previous study.”* The PEDOT:PSS thin film
(Baytron P, 4083) was spin coated on the cleaned ITO glass at
5000 rpm for 1 min and dried at 120 °C for 40 min. The
photoactive layer was prepared by the hybrid solution of
P3HT:TiO, nanorods with a weight ratio of 47 : 53. The P3HT
was synthesized in our laboratory with molecular weight of
65 kDa, polydispersity (PDI) of 1.39 + 0.06 and regioregularity
(RR) of > 95%. The P3HT:TiO, nanorod films of active layer
(120 nm) were spin coated on the PEDOT:PSS coated ITO. The

TiO; nanorods layer (~ 20 nm) was subsequently cast on top of
active layer as a hole blocking layer. Then, the 100 nm Al
electrode was vacuum-deposited on top of the hole blocking
layer to finish the fabrication of the solar cell. The electron
mobility of TiO, is obtained by a space charge limited current
(SCLC) method.”

3 Results and discussion

The TiO, nanorods were synthesized first by a sol-gel process in
the presence of oleic acid surfactant at 98 °C for 10 h. The
insulating oleic acid on the TiO, nanorods was then replaced by
pyridine for good charge transport interfaces between P3HT and
TiO, of P3HT:TiO, solar cell.!* The as-synthesized TiO, was
further heated to obtain ripened TiO, at 120 °C for 24 h using an
autoclave. The B-doped TiO, was synthesized using the same
sol-gel process of as-synthesized TiO, but by replacing 0.7 at%
Ti by B in the composition of reactants (molar ratio of TTIP to
boron n-butoxide is 99.3 : 0.7).

Three kinds of structures are possible for boron doping into
TiO;: (1) B substituting a Ti, (2) B substituting an O and (3) B in
an interstitial position.’*2* The substituted doping has been
observed in the hydrothermal synthesis of B doped TiO, at
180 °C. However, the interstitial B doping occurred after the
hydrothermal powder was calcined at a high temperature of
400 °C or more.*"*® Our sol-gel synthesized B-doped TiO, using
alkoxide precursors is expected to yield the first two kinds of
substituted doping due to the low reaction temperature of 98—
120 °C. The exact reaction mechanisms of B-doped TiO,
synthesis are beyond the scope of this study. However, we
would like to propose possible chemical reactions that are
summarized in Scheme 1.>7 The borate ester and titanate ester
are first formed after reacting their corresponding alkoxides with
excess oleic acid. There are two possible routes for the two esters
to react. In the first route, two esters underwent hydrolysis and
condensation to form B-doped TiO, nanorods with a Ti-O-B
linkage. The second route, the boron of borate (or the
hydrolyzed form) can react with titanate (or the hydrolyzed
form) to replace the water or ester of titanate to form an O-Ti-B
linkage by a nucleophilic displacement reaction. Fig. 1 shows the
comparison of UV-Vis spectra of different TiO, nanorods. The
absorption edge of ripened TiO, moves to a shorter wavelength
by 6 nm as compared with the as-synthesized TiO, which
indicates the crystallinity of TiO, is increased after thermal
ripening by reducing the surface defects. A red shift of 24 nm of
absorption is observed for B doped TiO, which is the
characteristic behavior of boron present in TiO, as substitutional
to 0>(ygen.21’26’28

The chemical structure of B-doped TiO, was further studied
by XPS as shown in Fig. 2a. The B 1 s binding energy of 192.1 eV
may be assigned as either Ti-O-B or O-Ti-B which is located in
between TiB, (Ti-B: 187.5 eV) and B,O; (B-O: 193.0
eV).20:22.23:26 Fio 2b shows the binding energy of Ti 2p¥? peak
for different type TiO, nanorods. The binding energy is the same
for as synthesized TiO, nanorods and ripened TiO, nanorods,
but it is shifted from 459.1 eV to 458.8 eV for B-doped TiO,. The
result indicates the Ti*' is partially reduced with delocalized
electrons by electron transfer from the boron dopant.?!
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Scheme 1 Possible reactions of B doped TiO, sol-gel synthesis.

The amount of organics on the TiO, nanorods was determined
by TGA as shown in Fig. 3. The results are summarized in the
second column from left of Table 1. The ripened TiO, contains
least amount of organics as compared with the other two kinds
of TiO, which may be due to the increase of nanorod size with
less surface area to accommodate surface ligands (discuss more
details in below).

The size and crystalline type of different TiO, nanorods were
studied by TEM, as shown in Fig. 4. The SAED patterns indicate
they are all anatase structures. The TEM images show their size
in the range of ~5 x 35 nm. The ripening process increases the
size of nanorods slightly, which means a lesser amount of surface
ligands are accommodated on the surface of ripened TiO,
nanorods. This is consistent with the TGA results. The results of

—=&—TiO, (as-synthesized)
—&—TiO, (B-doped)
—&—TiO, (ripened)

Normalized absorbance (a.u.)

500 600 700
Wavelength(nm)

Fig. 1 UV-Vis spectra of different TiO, nanorods.
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Fig. 2 XPS spectra of (a) B-doped TiO,, and (b) Ti 2p*? binding for
different TiO, nanorods.
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Fig. 3 TGA analysis of different TiO, nanorods.

TEM are summarized in the third and fourth column from the
left in Table 1.

For the ripening process, the thermal energy can increase the
kinetics of crystal growth of anatase TiO, nanorods, thus an
increased crystallinity has been observed in the bulk TiO,
through ripening.'® The ionic radius of B** (0.02 nm) is smaller
than that of Ti** (0.06 nm). The boron atoms can easily exist at
the matrix of TiO, and reduce the amorphous regions of bulk
TiO,. Hence, the crystallinity of TiO, can be improved by boron
doping.?® The crystallinity of different TiO, nanorods in this
study was investigated by XRD as shown in Fig. 5. The XRD
patterns of all three TiO, nanorods indicate they are anatase
structure. In order to compare the difference in crystallinity
among the samples, we have used the same amount of TiO,
nanorods for each measurement by weighing the sample care-
fully. The full width at half maximum (FWHM) of the (004)
peak was calculated to show its value is, in decreasing order,
ripened TiO, < B-doped TiO, < as-synthesized TiO,, although
the difference between the last two samples is not very great. The
ripened TiO, has the best crystallinity, which is consistent with
the results of the UV-Vis study. The results of the XRD study are
summarized in the fifth column from the left of Table 1.

Raman spectroscopy was used to study the crystallinity of
different TiO, nanorods further. The results are shown in Fig. 6.
The spectrum of ripened TiO, is the best match to the spectrum
of bulk single crystal anatase TiO,2%" as compared with that of
B-doped TiO, and as-synthesized TiO,. The Raman spectra of
the latter two are similar. From the results of Raman study, we
can deduce that the ripened TiO; has the best crystallinity which
is consistent with the above studies by UV-Vis and XRD.

We have examined the electron mobility of different TiO,
nanorods using the SCLC method. The results are plotted in
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Size by TEM (width, length)/nm

FWHM? of (004) peak Mobility/cm® V™' 57!

Table 1 Characteristics of different TiO, nanorods

Sample W1t% organics

TiO, (as-synthesized) 30.60 4+ 08,33 +4
TiO, (ripened) 24.70 5+26,39 +£9
TiO, (B-doped) 29.30 4 +1.6,35+6

“ FWHM is full width at half maximum (radian).

0.90 6.21x107°
0.81 233x107*
0.88 527%x10°%

Fig. 4 TEM images of different TiO, nanorods (a) TiO, (as-synthe-
sized), (b) TiO, (ripened), and (C) TiO, (B-doped). The insert shows the
SAED patterns obtained from the image area.
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Fig. 5 XRD patterns of different TiO, nanorods.
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Fig. 6 Raman spectra of different TiO, nanorods as compared with
bulk single crystal anatase TiO,.*

Fig. 7 and summarized in the right column of Table 1. Both
ripened TiO, and B-doped TiO, show increased electron
mobility as compared to as-synthesized TiO,, which is expected
from their improved crystallinity. Furthermore, it is interesting
to note that the electron mobility of B-doped TiO is the highest
among the three kinds of TiO,. The result may be deduced from
the presence of partially reduced Ti** by B doping and the
delocalization of electrons over a few Ti atoms for ease of
electron transport.21

These three kinds of TiO, nanorods were used to fabricate
P3HT:TiO, solar cells. More than six solar cells were fabricated for
each type of nanorod in order to obtain the standard deviation of
the measurements. The performance of different solar cells is

140

| ™ TiO, (as-synthesized)
120 © TiO, (ripened)
L & TiO, (B-doped)

R 1 T
-02 00 02 04 06 08 10

1!2 14 16 18 20 22
V-V, (Voltage)

Fig. 7 Electron mobility of different TiO, nanorods measured by space
charge limited current (SCLC) method.
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P
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20F
[ gttt
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Fig. 8 [V curve of different TiO, nanorods:P3HT solar cells.
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Table 2 Performance of P3HT:TiO, solar cells using different TiO, nanorods

Sample VoV J/mA cm > FF (%) PCE (%)
TiO, (as-synthesized):P3HT 0.64 + 0.04 1.33 + 0.08 46.53 + 3.40 0.39 + 0.02
TiO, (ripened): P3HT 0.70 + 0.02 1.57 + 0.13 46.27 + 2.35 0.51 + 0.01
TiO, (B-doped): P3HT 0.63 + 0.04 2.38 + 0.11 46.62 + 1.92 0.70 + 0.02
summarized in Fig. 8 and Table 2. The PCE of solar cell has been 6 \S;V CI:S Iguar}g,AS. Sl{‘lglhuangé(i\;[. 1C(i6w(;l§4lg6 6L Chen, C. W. Chen and
. . . . . . . F. Su, J. Appl. Phys., s 3 .
increased by 1.31 tlmes. and 1.79 times for rlpened TiO, and 7 Y.C. Huang, W. C. Yen. Y. C. Liao, Y. C. Yu, C. C. Hsu, M. L. Ho.
B-doped TiO,, respectively, as compared with that of as- P. T. Chou and W. F. Su, Appl. Phys. Lett., 2010, 96, 123501.
synthesized TiO,. The results are expected from increased electron 8 W. U. Huynh, J. J. Dittmer and A. P. Alivisatos, Science, 2002, 295,
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