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Simply synthesized TiO,; nanorods as an effective scattering layer for
quantum dot sensitized solar cells
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TiO, nanorod layers are synthesized by simple chemical oxidation of Ti substrates. Diffuse reflectance spectroscopy
measurements show effective light scattering properties originating from nanorods with length scales on the order of one
micron. The films are sensitized with CdSe quantum dots (QDs) by successive ionic layer adsorption and reaction (SILAR)
and integrated as a photoanode in quantum dot sensitized solar cells (QDSCs). Incorporating nanorods in photoanode
structures provided 4- to 8-fold enhancement in light scattering, which leads to a high power conversion efficiency, 3.03%
(Voe = 497 mV, Jy. = 11.32 mA/ecm?, FF = 0.54), in optimized structures. High efficiency can be obtained just by tuning
the photoanode structure without further treatments, which will make this system a promising nanostructure for efficient
quantum dot sensitized solar cells.
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1. Introduction

Dye-sensitized solar cell (DSC) has been proven to be
a reliable concept alternative to current p—n junction photo-
voltaic devices because the functions of both light absorption
and charge carrier transport are separated in this system. In a
DSC, incident photons are absorbed by molecular dyes that ex-
cite the sensitizer electrons. The excited electrons are injected
into a porous matrix of a wide band gap semiconductor (e.g.
TiO;,) that transfers the photogenerated electrons to the exter-
nal circuit. Simultaneously, the oxidized dye is regenerated by
electron donation from a redox electrolyte.!!=]

Besides conventional ruthenium dyes, inorganic semicon-
ductors, as alternative sensitizers to dyes in the same config-
uration of DSCs in order to prepare quantum QDSCs, 4101
have recently aroused much research interest. In compari-
son to dyes, narrow-band gap quantum dots (QDs) offer out-
standing properties, such as tunability for light absorption by
controlling their sizes and compositions, large intrinsic dipole
moments,!”! and high molar extinction coefficients.[1:12] Be-
side these advantages, recent experimental observation of
the multiple exciton generation (MEG) in colloidal QDs has
made them more attractive for photovoltaic applications.[!3-13]
However, despite these advantages, the QDSCs still lag in
their efficiency in comparison with the conventional DSCs and
thus making an efficient QDSC configuration is still a serious
challenge.!”-1%]

Recently, various approaches have been investigated in
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order to improve the QDSCs’ efficiencies, including TiO»
surface treatment,[!©] photoanode co-sensitization,'”) sur-
face modification of QDs-like ZnS passivation,!!%1°1 QD-
size effect,l?’ and doping QDs.*!l Chemical bath deposi-
tion (CBD) and successive ionic layer adsorption and re-
action (SILAR) methods?%22! have been utilized instead of
direct adsorption methods to increase the number of QDs
Co?*/Co**, polysulphide
(S*>7/827) complexes, >3] hydrogel,*®) and ionic liquid

deposited on TiO, photoanode.

electrolytesmj that were used as redox mediators, which are
alternatives to the commonly used iodide/triiodide redox cou-
ple A7 /I3 ) where the most of QDs are unstable. In com-
parison with generally used Pt counter electrodes in DSCs,
more efficient electrodes like CoS, 28 Cu, S, PbS,BY car-
bon nanotubes, mesocellular carbon foam,?*'! mesoporous
carbon nanofibers, 3>l and Graphene oxide[*?! are introduced
and integrated in QDSCs. However, in spite of these extensive
studies, modification to the photoanode structure of QDSC
has rarely been conducted and usually the same configura-
tion of DSC photoanodes is used in QDSC. For example, TiO»
nanoparticulate porous films have been widely used in DSCs
and QDSCs due to high surface areas, which result in high
efficiencies. >33 The pore sizes of these films are typically
less than 20 nm.3%37] Even though this provides a high surface
area for good QD loading, pore blocking by QDs and intense
electron trapping at both particle surface and grain boundaries
can occur.*¥! In addition, the electrolyte permeation will be
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restricted, leading to poor photovoltaic properties. [*°!

Reviewing the literature indicates that noticeable photo-
voltaic results in QDSCs have mainly been obtained using
different photoanode structures rather than convenient TiO,
nanoparticulate porous structures. A close to 5% efficiency
for CdS/CdSe quantum dot sensitized cells was obtained by
using precisely designed TiO, photoanode structures by the
Toyoda group.?*! To the best of our knowledge, the highest
open circuit photovoltage in QDSCs has been obtained by us-
ing ZnO nanowires and Si/ZnO branched hierarchical struc-
tures by Sudhagar et al.[**) We have used nanostructured hol-
low fibers in QDSCs and the cells efficiency was noticeably
increased from 0.66% to more than 3% just by controlling the
photoanode structure.*!1 Recently, we have shown a clear cor-
respondence between photovoltaic conversion efficiency and
TiO, photoanode structural properties, and have proved that
higher V;, values can systematically be obtained in TiO, mor-
phologies by reducing the surface area.l*’! While effective
configuration for working electrodes have been proposed for
DSSCs, the optimized photoanode structure for QDSCs is not
yet obtained and more research should be done in this regard.

In this paper, we show that efficient QDSCs can be ob-
tained by simply fabricating the TiO, photoanode structures.
We show that the efficiency can be easily improved by pre-
cise monitoring of the optical and electrical properties of the
photoanode. In this sense, we introduce here TiO, nanorods
as effective light scattering structures to make efficient QD-
SCs by optimizing the photoanode structure. The samples are
synthesized by simple chemical oxidation of titanium foil at
a moderate temperature of 80 °C. The nanorods have length
scales on the order of one micron while their average diameter
is about 50 nm. The micron length of the nanorod structures
gives rise to interesting light scattering properties, as charac-
terized by diffuse reflectance spectroscopy. On the other hand,
electronic transport can be potentially improved in these one-
dimensional systems. Besides the above mentioned properties,
this structure also prevents the pores from being blocked by
QDs and is conducible to the electrolyte diffusing deeply into
the photoanode. More than 3% efficiency is obtained, which
is higher than 2.34% for conventional QDSCs made by 20-
nm-sized nanocrystalline TiO, (18 NR-T, Dyesol). We show
that the enhanced photovoltaic performance of QDSCs can be
obtained by the accurate monitoring of the QD loading, light
scattering, and electron recombination in photoanode struc-
ture.

2. Experiment
2.1. Synthesis of the nanorods

TiO, nanorods were simply synthesized as previously
described.*3! In brief, titanium foils were cleaned by soni-
cation in acetone and deionized (DI) water in sequence for

10-min. The samples were then put in a mixture of 10-mL
hydrofluoric acid (40%) and 15-mL nitric acid (63%) for 10 s.
Finally, the samples were sonicated for 10 min in DI water and
dried in nitrogen flow. The cleaned titanium pieces were im-
mersed in 10 mL of 30% W hydrogen peroxide solution and
kept at 80 °C for 72 h. The samples were then removed and
rinsed with DI water and dried in air. Heat treatment process
in oxygen flow was performed by increasing the temperature
with a rate of 10 °C/min to 500 °C and maintaining this tem-
perature for 3 h. These nanorods were detached from the Ti
substrate and were used to make nanorod based pastes.

2.2. Electrode preparation

Three different TiO, pastes were used to prepare the elec-
trodes. The first paste was “18NR-T Dyesol” containing 20-
nm TiO; nanoparticles, which is used to make high surface
area transparent TiO; layers; we name this paste “T”. For the
second paste, 1 g of ethyl cellulose was dissolved in 12.5-mL
ethanol assisted by ultrasonication. The paste was prepared by
milling 0.2-g TiO, nanorods and 1-mL prepared ethyl cellu-
lose in ethanol in a mortar for 30 min while 1-mL terpineol
was added drop by drop in the milling process. We name this
paste “N”. The third paste was 18NR-AO (TiO, particle size
20 nm—450 nm) from Dyesol Company, which is commonly
employed to create light scattering layers in DSCs and QD-
SCs. We name this paste “S”. Seven different electrode con-
figurations were prepared as photoanodes in QDSCs by using
these three TiO, pastes.

The photoanodes were doctor-bladed on transparent con-
ducting fluorine-doped tin oxide (FTO) glass substrates (sheet
resistance ~ 10 Q/[0). The resulting photoelectrodes were
sintered at 450 “C to obtain better electrical contact of the
nanoparticles and nanoparticles with the substrate. Before
doctor-blading, a compact layer of TiO, was deposited on FTO
substrates by spray pyrolisis (~ 100-nm thick). These elec-
trodes were calcinated at 450 *C for 30 min.

2.3. Electrode sensitization

TiO, electrodes were in situ sensitized by CdSe QDs
grown by SILAR. The SILAR process was carried out fol-
lowing the method developed in Ref. [44]. In brief, 0.03-M
Cd(NO3); in ethanol was used as the Cd*?2 source and the in
situ prepared 0.03-M Se’~ in ethanol was used as an Se?~
precursor. For sensitization, the electrodes were successively
dipped in these solutions inside a glove box under N, atmo-
sphere. One SILAR cycle for CdSe consisted of 30-second
dipping of the TiO, working electrode into the Cd>* precursor
and subsequently into the selenide solution for the same length
of time. Following each bath, the photoanode was rinsed in
pure ethanol to remove the chemical residuals from the surface
and then dried with an N, gun. In order to improve the stability
and performance of the cells, all of the samples were deposited
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with a ZnS protective coating,*>#%! by being dipped into 0.1-
M Zn(CH3COOQO); and 0.1-M Na;S solutions for 1 min twice
in sequence, and then by being rinsed with Milli-Q ultrapure

water between dips. (40

2.4. QDSC preparation

The cells were prepared by sandwiching a scotch spacer
(thickness 50 pm) between the Cu;S counter electrode and
a QD-sensitized electrode and permeating polysulfide elec-
trolyte. Polysulfide electrolyte was 1-M Na,S, 1-M S, and
0.1-M NaOH solution in Milli-Q ultrapure water. We used
Cu,S counter electrodes for clamping the sensitized electrode
and the counter electrode.*’! The electrodes were prepared
by immersing brass in HCI solution at 70 °C for 5 min and
subsequently dipping it into polysulfide solution for 10 min,
resulting in a porous Cu,S electrode. The area of the cells was
0.28 cm?.

2.5. Photoanode and solar cell characterization

The optical absorption spectra of the photoanodes were
recorded at 300 nm—800 nm by a Cary 500 UV-VIS Var-
ian spectrometer. The J-V curves, impedance spectroscopy
(IS) measurement, and applied bias voltage decay (ABVD)[*8]
were carried out with an FRA equipped PGSTAT-30 from Au-
tolab. The J-V measurements were carried out using a mask
(0.24 cm?) and no antireflective layer was used. Cells were il-
luminated using a solar simulator at AM1.5 G, where the light
intensity was adjusted with an NREL calibrated Si solar cell
with a KG-5 filter to one sun intensity (100 mW/cm?). In-
cident photon-to-electron conversion efficiency (IPCE) mea-
surements have been performed employing a 150-W Xe lamp
coupled with a computer-controlled monochromator, the pho-
tocurrent was measured using a nanoamperimeter 70310 from
Oriel Instruments. Impedance spectroscopy measurements
were carried out in dark conditions by applying a 20-mV AC
signal in a frequency range between 400 kHz and 0.1 Hz at

various forward biases.

3. Results and discussion

Representative SEM micrographs of the nanorods (N), T,
and S structures are shown in Figs. 1(a)-1(c). The average di-
ameter of the rods is around 50 nm (Fig. 1(c)); consequently,
a moderate-high surface area of the nanorods is expected for
QDs sensitization. XRD patterns (see Fig. S1 in Appendix A)
reveal that the synthesized nanorods have anatase crystalline

structures.

Fig. 1. SEM micrographs from T (a), S (b), and N (c) structures.
Scale bar is 1 um for panels (a), (b), and (c).

Considering the scattering properties originating from
micron length and the moderate-high surface area of these
nanorods, various structures of TiO; photoanodes are designed
in order to find the most efficient cells. Three kinds of pastes:
T (TiO; paste with 20-nm nanoparticles), N (paste with TiO,
nanorods), and S (paste with 20 nm—450 nm TiO, nanoparti-
cles) are used to prepare the different photoanode structures
(see experimental section for more details). The 1, 2 or 3 lay-
ers of TiO; paste are doctor bladed on the FTO substrates. We
label the structures as “ABC”: A, B, and C, referring to the
type of the paste (T, N or S) which is used for the first, second,
and third layers on the FTO substrate, respectively. For ex-
ample, the TNN structure means that we have deposited three
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layers of TiO; on FTO, the first layer is prepared with T-type
paste and the second and third layers are prepared with N-type
paste. Seven different structures are tested as photoanodes, as
shown in Fig. 2. The TT structure (the only structure with-
out nanorods) is prepared as a reference to compare its light
scattering properties with those of other photoanodes.

troscopy (see Fig. 3). The TT sample clearly shows the low-
est light scattering properties while considerable scattering ef-
fect can be seen from the structures containing nanorods. Up
to four times scattering enhancement with just one layer of
nanorods, N structure, can be inferred from the more intense
diffuse reflectance of this sample at longer wavelengths that
TiO; does not absorb (see Fig. 3). The light scattering proper-

N TN
ties of layers made by the nanorods are enhanced by four-to-
eight fold, depending on structure, compared with those of the
\ TT structures (see Fig. 3).
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o (@) O (@) © : Fig. 3. (color online) Diffuse reflectance spectra of different TiO,
o 00 o O structures made by T, S, and N pastes.
090 00 o
These seven different structures are sensitized by seven
SILAR cycles of CdSe quantum dots and then coated with
TT ZnS, as mentioned in the experimental section. Table 1 shows
o 09 o o the solar cell parameters obtained for these QDSCs: photocur-
© 00 o ~© . o )
000 @) rent js, open circuit voltage Vi, fill factor F'F, and efficiency
60 o 1N, depending on photoanode structures, obtained from the test
{ 00 o oo under a standard condition (100 mW/cm? AM 1.5 G).
© 00 o 4 ) .
o [0) o Table 1. Photovoltaic parameters of the QDSCs prepared: pho-
00 O tocurrent jg, open circuit voltage Vo, fill factor FF, and efficiency
N, depending on cell structures sensitized by SILAR, obtained from
the test under a standard light illumination condition (100 mW/cm?
AM 1.5 G).
Cell Voe/mV Jse /(mA/cm?) FF n/%
N 520 6.38 0.44 1.46
NN 528 9.49 0.46 2.34
NS 537 11.43 0.46 2.84
Fig. 2. (color online) Schematics of the seven photoanode struc- NNS 497 6.80 0.52 1.76
tures (N, NN, NS, NNS, TN, TNN, TT) in QDSCs: T layer that N 497 11.32 0.54  3.03
has 20-nm TiO, nanoparticles, a high surface area for sufficient TNN 488 9.04 0.54 2.38
QDs adsorption, small pores that could be blocked during QDs de- TT 467 9.75 0.51 2.34

position and thus prevent electrolyte diffusion, and non-direct path
for electron transport; N layer that has photoanode based on TiO»
nanorods, low surface area compared with nanoparticulated anode,

As shown in Table 1, increasing the number of TiO, lay-

direct path for electron transport, efficient scattering properties; S
layer that has 20 nm—450 nm TiO, nanoparticles, smaller particles
that make high surface area for sufficient QD adsorption, larger
particles acting as scattering particles, non-direct path for electron
transport. The thickness of N structure is (54 1) pm, and the thick-
ness values of T and S structures are both (6 £ 1) pm.

The light scattering properties of these structures with-
out QD sensitization are measured by diffuse reflectance spec-

ers give rise to two opposing effects. On one hand, we expect
the enhancement in light harvesting due to the larger amount of
light absorbing sensitizer because of higher thickness of pho-
toanode. On the other hand, for thicker samples, the effective
surface of the electrode concomitantly increases, causing an
enhancement of recombination. In this sense, a balance among
light scattering, QD loading, and recombination is mandatory
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to optimize the QDSC performance. So, in Table 1 the high-
est efficiencies have been obtained from TN samples, each of
which has an intermediate diffuse reflectance (see Fig. 3).
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Fig. 4. (color online) (a) Diffuse reflectances, (b) IPCE, and (c)
J-V curves for SILAR sensitized cells.

The best efficiencies are obtained with the TN (3.03%)
and NS (2.84%) structures (see Table 1). Representative dif-
fuse reflectance, IPCE, and current—voltage (/-V') curves ob-
tained for SILAR sensitized cells are plotted in Figs. 4(a)—4(c),
respectively. From Fig. 3 it can be seen that TNN and NNS
structures indicate the enhanced light scattering properties in

comparison with TN and NS structures, respectively. In addi-
tion, more QDs are deposited in TNN and NNS structures than
in TN and NS structures, respectively. Regarding the enhance-
ment in light scattering and QDs deposition in TNN and NNS
structures, it is expected to obtain better photovoltaic efficien-
cies in these structures than in TN and NS structures.

From Table 1 it can be seen that, inconsistently with our
expectations, the good efficiency of the TN (3.03%) and NS
structures (2.84%) has decreased to 2.38% and 1.78%, respec-
tively, after depositing one more layer of nanorods on the top
of TN structure (TNN structure) and depositing one more N
layer in NS structures (NNS). The measured IPCEs for the
NN, NS, TN, and TT structures sensitized by SILAR are very
similar and the IPCE for the NNS structure is clearly reduced
compared with these structures, which is in good agreement
with the finally obtained photocurrents as shown in Fig. 4(c).

To better understand the physical characteristics of these
solar cells, impedance spectroscopy measurements and ABVD
are carried out on QDSCs. Chemical capacitance, C
(Fig. 5(a)) and recombination resistance, Ry, (Fig. 5(b)) are
obtained from IS measurements using the previously devel-

49501 The C,. is plotted against the voltage drop

oped model. !
in the sensitized electrode, V. This voltage is obtained by sub-
tracting the voltage drop of the series resistance, Vieries, from
applied voltage in the IS measurements, Vy,p, and given by
VE = Vapp — Viseries- The Ryec is plotted against the voltage drop
in a common equivalent conduction band (CB), V., where the
effect of different TiO, CB between samples is removed. "]
Plotting R against V., allows the analysis of the recombi-
nation resistance on the basis of an equal density of electrons
n (i.e., the same distance between the electron Fermi level and
the TiO; conduction band). This procedure is carried out by
shifting Vg until the chemical capacitance overlaps (see also
Fig. S2 in Appendix A). The methods to obtain the depen-
dences against Vg and V., from IS measurements have been
previously reported.>9->?1

Considering the chemical capacitance (Fig. 5(a)), all the
samples show very similar slopes for C,,, indicating a similar
density of states.[5%! On the other hand, Cy, is shifted, indicat-
ing a displacement of the TiO, CB.

Taking the TN sample as a reference, a downward shift
of TiO, CB band is observed in the TNN, TT, NS, and NNS
samples (Fig. 5(a)). After correcting this shift, the TN and NS
samples each show a higher recombination resistance (the low-
est recombination) (see Fig. 5(b)). The recombination resis-
tances of TNN and NNS samples decrease in comparison with
those of TN and NS structures, respectively. This arises from
the larger thickness values of NNS and TNN [(15+ 1) um]
structures (and consequently larger effective surface)(*®! than
those of the NS and TN samples [(11 & 1) um], respectively.
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Fig. 5. (color online) (a) Chemical capacitance versus Vg , (b) re-
combination resistance versus Vecp, and (c) electron lifetime versus
Vg for QDSCs. Chemical capacitance and recombination resistance

are obtained from IS measurements®”! while electron lifetime is
obtained from ABVD measurements. 48]

This reduced recombination resistance is in good agreement
with the higher dark currents obtained for these cells (see
Fig. S3 in Appendix A). According to Fig. 5(b), the TT sam-
ple shows the lowest recombination resistance (consequently
higher dark current), which is consistent with the highest dark
current in this cell (see Fig. S3 in Appendix A). In addition,
the lower recombination resistances of the TT samples are
confirmed by comparing the values of electron life time (7,)

of the samples (Fig. 5(c)). The value of 7, has been mea-
sured by ABVD!“®! under dark condition, as measured by IS.
Conversely, the highest efficient cells with TN (3.03%) and
NS structures (2.84%), see Table 1, have the highest recom-
bination resistances (Fig. 5(b)), which is confirmed by high
electron life times in these cells (Fig. 5(c)). This fact points
out a remarkable influence of recombination on QDSC per-
formance. The valleys observed in Ry curves, see Fig. 5(b),
can be related to recombination through surface states, as dis-

cussed elsewhere. 331

4. Conclusions

We have synthesized TiO; nanorods by oxidation of Ti
foil with a simple chemical method. The unique properties
of nanorods (i.e. enough surface area, effective light scat-
tering, and a one-dimensional structure that is conducible to
electron transport) give rise to an increase in the efficiency of
the QDSC. We sensitize various TiO, structures with CdSe
QDs that are grown by the SILAR method as photoanodes.
High power conversion efficiency (1 = 3.03%, Voc =497 mV,
Joo = 11.32 mA/cm?, FF = 0.54) is obtained using a trans-
parent layer (T) and efficient light scattering layer of nanorods
(N) in TN structure. The unique properties of these nanorods
and the rather high efficiencies obtained here suggest that TiO,
nanorods are promising materials to develop high efficient
QDSCs. It is also highlighted that the photoanode structure
plays a determinant role in the final cell performance. A ratio-
nal balance among QD loading, light scattering, and recombi-
nation is mandatory in order to optimize the performance of
the photoanode for QDSCs.

Appendix A
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Fig. S1. (color online) XRD patterns of synthesized TiO, nanorods on
Ti substrate, Ti picks are related to substrate (A: anatase, Ti: titanium).
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order to correct the effect of TiO, conduction band displacement in
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resistance in order to plot it against Ve, see Fig. 5(b). Here, sam-
ple TN has been taken as a reference sample and voltage shift has
been applied to the C;, curves of TNN, TT, NS, and NNS samples
to make them overlap.
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Fig. S3. (color online) Measured dark currents for TN, TNN, TT,
NS, and NNS TiO; structures.
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