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Solar cells were fabricated using novel bubble-like CdSe nanoclusters sensitized highly ordered titanium
oxide nanotube (TiO2 NT) array, prepared by anodization technique. The CdSe sensitization of TiO2 NT
arrays was carried out by a chemical bath deposition method with freshly prepared sodium selenosufite,
ammonium hydroxide and cadmium acetate dehydrate at different deposition times: 20, 40 and 60 min.
The adsorption of CdSe nanoclusters on the upper and inner surface of the TiO2 NT arrays has been
confirmed by field emission scanning electron and transmission electron microscopes. The results show
admium selenide
iO2 nanotubes
anoclusters
olar cells

the variation in cell a performance with different deposition times (20, 40, and 60 min) of CdSe on TiO2

NT arrays. The solar cell with CdSe, deposited for 60 min, shows reasonably high photovoltaic property
compared to the reported results of similar studies. This solar cell shows the maximum photoelectric
conversion efficiency of 1.56% (photocurrent of 7.19 mA/cm2; photovoltage of 0.438 V; and fill factor of
49.5%) and average incident photon to current efficiency of 50.2%. The photocurrent, incident photon-
current efficiency and electron lifetime have been improved due to the increase of covered area and size

cluste
of bubble-like CdSe nano

. Introduction

The dye-sensitized solar cell (DSC) [1,2] has attracted a great
eal of attention towards the next generation of solar cells due
o its low production costs and high power conversion efficiency
∼11%) [3]. The DSC is based on a wide band-gap semiconductor

aterial with a very large internal surface to which dye molecules
re attached [4]. Titanium oxide (TiO2) is an important material
n the construction of DSC, because of its suitable energy band
osition, and high photoelectric response as a porous photoelec-
rode material of DSC [1,4]. Morphology of TiO2 films is important
o improve the DSC efficiency. The tubular structure is the most
uitable for nanostructures to achieve large enhancement in the
urface area without increasing the geometric area. It is also suit-
ble for unidirectional electron transfer [5]. Recently, Adachi et

l. reported that the DSC with TiO2 nanotube (TiO2 NT) arrays
howed more than double the photocurrent density of DSC with
iO2 nanoparticles (P-25, thickness less than 5 �m) [6]. TiO2 NT
rrays have been fabricated by several methods, e.g., anodic oxi-
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rs on TiO2 NT arrays with the increase of deposition time.
© 2010 Elsevier B.V. All rights reserved.

dation [7], sol–gel [8], microwave irradiation [9], hydrothermal
[10] and template synthesis [11]. Among these, anodic oxidation
method is a relatively simple process for the fabrication of aligned
TiO2 NT arrays. Grimes and his coworkers [12] fabricated the first-
generation TiO2 NT arrays by electrochemical oxidation of titanium
in an HF aqueous electrolyte with limited thickness (∼500 nm). This
technique has been further developed to obtain second-generation
of highly ordered TiO2 NT arrays with a high aspect ratio in organic
electrolyte [13–16]. For the improvement of morphology, third-
generation of TiO2 NT arrays was introduced which requires water
free electrolyte [17]. Recently, some research groups have suc-
ceeded to extend the length of TiO2 NT arrays by using some polar
organic electrolytes including formamide [14,18], ethylene gly-
col [14,19], dimethyl sulfoxide [14,19], and glycerol [20]. So, for
this study, TiO2 NT arrays have been prepared on Ti metal sheet
by anodic oxidation method using ethylene glycol (EG) and NH4F
based electrolyte.

On the other hand, the photosensitizer plays an important role in
determining the stability [21], light harvesting capability and also

the total cost of the DSC. At present, despite the success of DSC using
ruthenium dye [22], search for a cheaper alternative panchromatic
sensitizer is still very relevant in order to improve the performance
and reduce the cost of solar cell. Relatively short-band-gap semi-
conductors such as CdS [23], PbS [24], Bi2S3 [25], CdSe [26], and

dx.doi.org/10.1016/j.jphotochem.2010.09.020
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
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nP [27] have been explored to serve as photosensitizer because
f their advantages over dye that they can transfer electrons to
arge band gap semiconductor under visible light excitation and
an tailor the nanocrystals through modification of solution growth
ethod. Among these materials, nanocrystalline CdSe has a reason-

bly appropriate band gap (1.7 eV), which matches the solar-visible
pectrum well and offers new opportunities to harvest light energy
n the entire visible region of solar light. The nanocrystalline CdSe
as been linked with TiO2 NT arrays by a bi-functional molecule
o improve the photoelectric conversion efficiency [28]. Recently,
ensitization of mesoporous electrode by semiconductor quantum
ot (QD) has also been studied [29]. Although CdSe QDs has more
rospect than the larger CdSe nanoparticles those are not QD, but
he power conversion efficiency of CdSe QDs sensitized solar cells
s still not satisfactory [30]. The main reason for the low efficiency
s the charge recombination process between photo-injected elec-
rons and redox ions of the electrolyte [31]. CdSe nanoclusters can
e very effective for their inexpensive and simple processing route
30]. Zhang et al. [32] have prepared the “mulberry-like” CdSe nan-
clusters by using photo-assisted electrodeposition method, which
xhibits strong potential in nanostructure devices. Nevertheless
n their processing technique Cd(NO3)2 was used as a reactant

hich requires post-deposition annealing at 400 ◦C in N2 atmo-
phere. Compared to Zhang et al. [32] and others synthesization
echniques [33], we have been synthesized CdSe nanoclusters on
iO2 NT arrays by inexpensive and simple chemical bath deposition
CBD) technique. These CdSe nanoclusters show the bubble-like
tructure of diameter 80–300 nm, which is a novel structure that
an be prepared for the fabrication of solar cell without annealing it
t any temperature. The bubble-like CdSe nanoclusters would be a
romising nano-architecture to enhance the photoelectric conver-
ion efficiency of the CdSe sensitized TiO2 NT arrays due to its low
ecombination rate, high absorption and electron-hole separation
n solar cells. The structural and surface morphological properties of
ubble-like CdSe nanoclusters sensitized TiO2 NT arrays and their
hotovoltaic performance were investigated and discussed.

. Experimental procedures

In this work, CdSe nanoclusters sensitized TiO2 NT arrays were
uccessfully obtained by a low-cost and relatively simple two-step
ethod. First, TiO2 NT array were grown on a pure Ti-metal sheet

ia electrochemical anodic oxidation method in the EG and NH4F
ased electrolyte and then CdSe nanoclusters were synthesized on
he TiO2 NT arrays through a CBD method.

.1. Preparation of TiO2 NT arrays

We used the anodic oxidation method to fabricate the TiO2 NT
rrays on Ti sheet. Prior to anodization, Ti sheet of 2.5 cm × 1.5 cm
99.6% purity, 0.2 mm thickness, Nilaco Co., Ltd., Tokyo, Japan) were
rst degreased by sonication in ethanol and cold distilled water in
urn, followed by drying in a stream of pure nitrogen (N2) flow. A
onventional two-electrode system was employed with Ti foil as
he anode and Pt foil as the cathode. The time-dependent behav-
or of the current under constant potential was recorded using a
omputer-controlled Keithley 2400 source-meter. All the anodiza-
ion experiments were carried out at room temperature in an
lectrolyte of EG, 0.3 wt% of NH4F and 3 vol% of water [14]. The
xposed area of Ti sheet was 2 cm × 1.5 cm into the electrolyte,
hich anodized at 54 V for 45 min to obtain 5.7 �m thick nan-
tubes. After anodization, the sample was cleaned with EG and then
istilled water, and it was dried with N2 steam gas flow. The as-
nodized TiO2 NT arrays had an amorphous structure; they were
ubsequently crystallized by annealing in dry oxygen at 450 ◦C for
0 min with a heating and cooling rate of 2 ◦C/min.
hotobiology A: Chemistry 217 (2011) 68–75 69

2.2. Chemical bath deposition of CdSe nanoclusters on TiO2 NT
arrays

CdSe nanoclusters were deposited on aligned TiO2 NT arrays by
CBD method with different deposition times: 20, 40, and 60 min.
At first, the sodium selenosulfite (Na2SeSO3) solution was pre-
pared by dissolving of Se powder (99.999%, Aldrich) and sodium
sulfite, Na2SO3 (Wako) in distilled water for 4 h at 65 ◦C. Undis-
solved Se was separated from the solution by filtration. After that
0.125 M of Na2SeSO3; 30 vol% of ammonium hydroxide, NH4OH;
and 0.5 M of cadmium acetate dehydrate, Cd(CH3COO)2·2H2O
are mixed with each other by using stirrer. The three TiO2 NT
arrays based substrates were immersed vertically in that solu-
tion. The bath-temperature was maintained at 90 ◦C during the
CdSe deposition. The total deposition time was varied from 20 to
60 min.

The overall chemical reactions for the preparation of CdSe nan-
oclusters using CBD technique are given below:

Cd(NH3)4
2+ + SeSO3

2− + 2OH− → CdSe + 4NH3 + SO4
2− + H2O

(1)

The chemical homogeneous equilibrium reaches through

Cd(NH3)4
2+ ↔ Cd2+ + 4NH3 (2)

and

SeSO3
2+ + 2OH− ↔ Se2− + SO4

2− + H2O (3)

which provides simultaneously slow and uniform generation of
Cd2+ and Se2− throughout the volume of the solution, allowing the
deposition and growth of a CdSe films by ion-by-ion condensation:

Se2− + Cd2+ → CdSe (4)

After 20, 40 and 60 min, the red CdSe coated TiO2 NT arrays
were removed from solution, respectively. The samples were gen-
tly rinsed with distilled water and dried in air. The crystal structure
of the CdSe nanocluster sensitized TiO2 NT arrays were examined
by grazing incident X-ray diffraction (GIXRD) analysis with data
collected from SHIMADZU XRD-6000 with Cu-K� line. The data
were recorded from 2� values 10◦ to 80◦ with a step of 0.02◦. For
GIXRD measurement incident angle was fixed at 1.0◦. The opti-
cal properties of the films were measured by SHIMADZU UV-vis
NIR 3100 diffuse reflection spectrophotometer (DRS) at room tem-
perature within the wavelength range 300–900 nm. The surface
morphologies were studied using field emission scanning electron
microscope (FE-SEM) (JEOL, FE-SEM 6700F) and transmission elec-
tron microscope (TEM, EM-002B, TOPCON Co. Ltd.). The chemical
composition in wt% and compositional morphology was also esti-
mated by energy dispersive spectroscopy (EDS, JED 2200) equipped
with FE-SEM microscope. The CdSe inside the nanotube was also
confirmed by the energy dispersive X-ray (EDX) attachment of TEM
microscope.

2.3. Fabrication of CdSe sensitized solar cells

The CdSe sensitized solar cell has been assembled by placing
bubble-like CdSe nanoclusters sensitized TiO2 NT arrays face-
to-face with a mildly platinum (∼70 Å) coated SnO2:F counter
electrode as shown in the schematic diagram in Fig. 1(a). The
two parallel electrodes were separated using spacer (SX1170-25)
and clamped together. The space between the electrode (∼20 �m)

was filled by capillary force with the polysulfide electrolyte (2 M
Na2S and 3 M S (sulfur) dissolved in deionized water) [34]. The
active cell area was 0.25 cm2. The cell was irradiated by backside
illumination with an artificial sunlight simulator, consisting of a
SOLAX lamp (model: SET-140F, SERIC Ltd.) with ultraviolet and



70 M.F. Hossain et al. / Journal of Photochemistry and P

F
a
T

a
T
c
m

F
v

ig. 1. (a) Schematic diagram of solar cells with bubble like CdSe sensitized TiO2 NT
rrays (b) the GIXRD pattern (˛ = 1.0◦) of bare TiO2 NT arrays and CdSe sensitized
iO2 NT arrays at various deposition times of 20, 40, and 60 min.
n infrared-blocking filter. The intensity of light was 100 mW/cm2.
he photovoltaic measurements were performed using computer
ontrolled Keithley Model-2400 source-meter unit and monochro-
ator (SG-80, Yokogawa).

ig. 2. The FE-SEM of bare TiO2 NT arrays: (a) top, (b) bottom surface and (c)–(e) cross sec
iew, (h) HRTEM image, and (i) SAED pattern.
hotobiology A: Chemistry 217 (2011) 68–75

3. Results and discussion

Fig. 1(b) shows the GIXRD pattern (with incidence angle,
˛ = 1.0◦) of bare TiO2 NT arrays and CdSe sensitized TiO2 NT
arrays with various CdSe-deposition times. The bare TiO2 NT
arrays have polycrystalline in nature with mostly anatase phase.
Generally, CdSe nanoclusters deposited by CBD technique, has a
polycrystalline wurtzite structure with highly preferential orien-
tation. The CdSe sensitized TiO2 NT arrays have single intensities
C(1 1 1), C(2 2 0) and C(3 1 1) at 2� values: 25.62◦, 42.63◦ and 50.80◦,
respectively, which indicates a wurtzite (hexagonal) structure of
CdSe (JCPDS card of 08-0459). The intensity of the peak of CdSe
increases and TiO2 NT arrays decreases with increase of deposi-
tion time, due to increase of amount of deposited material (CdSe).
The crystallite size of the particles has been estimated from the
Debye–Scherrer’s equation as follows [35]: D = 0.94�/ˇ cos �, where
D is the crystallite size, � is the wavelength of the X-ray radiation
(Cu K� = 0.15406 nm), � is the diffraction angle and ˇ is the full
width half maximum. The diffraction peaks of A(1 0 1) and C(2 2 0)
have been chosen for the calculation of the crystallite size. The
derived crystallite sizes are 23.0, 8.64 and 5.4 nm for the bare TiO2
NT arrays and CdSe nanoclusters 40 and 60 min, respectively.

The surface morphology of bare TiO2 NT arrays was investigated
by FE-SEM and TEM microscopes. Fig. 2(a), (b), and (c)–(e) show
the top surface, bottom surface and cross-sectional view of the bare
TiO2 NT arrays, respectively. The average diameter of the nanotubes
was 167 nm (±10 nm) with a wall thickness of 20 nm (±5 nm) and
inner diameter 123 nm (±5 nm). The total length of the TiO2 NT
arrays is 5.7 �m [Fig. 2(e)]. The morphological properties were fur-
ther investigated by using TEM image. Fig. 2(f) and (g) shows the
top and cross-sectional view of a typical TEM image of the obtained

bare TiO2 NT arrays. The pore diameter of TiO2 NT arrays is similar
to the value, derived from FESEM image. The high-resolution TEM
(HRTEM) image of the TiO2 NT is shown in Fig. 2(h), from which
the lattice fringe can be clearly observed, indicating good crystal-
lization of these TiO2 NT arrays. The d-spacing shows a value of

tional view; and TEM image of bare TiO2 NT arrays (f) top surface, (g) cross sectional
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ig. 3. (a–c) FE-SEM images of CdSe sensitized TiO2 NT arrays and (d–f) compositi
imes of 20, 40, and 60 min, respectively.

bout 0.323 nm corresponds to anatase phase A(2 0 0) [36]. The cor-
esponding selected area electron diffraction (SAED) pattern of bare
iO2 NT arrays in anatase phases are shown in Fig. 2(i). These results
re in agreement with the GIXRD results in Fig. 1(b). In this figure,
he SAED patterns of TiO2 NT arrays in anatase phase shows spotty
ing patterns. From this figure, A(1 0 1), A(0 0 4), A(2 0 0), A(1 0 5),
nd A(2 0 4) peaks are confirmed [37].

The surface of the CdSe nanoclusters sensitized TiO2 NT arrays
ith different deposition times: 20, 40 and 60 min are shown in

ig. 3(a)–(c), respectively. In Fig. 3(a), it has been observed that
n the case of CdSe, deposited for 20 min, CdSe nonuniformly par-
ially covers the TiO2 NT surface. In this sample, size of the CdSe
anoparticle is around 15–25 nm. The amount of CdSe increases
ith the increase of deposition time. From Fig. 3(b), it is confirmed

hat the CdSe shows the ‘Mulberry-like’ structure [32] and tends
o form bubble-like structure (80–110 nm). The structure of CdSe
lms absorbed on TiO2 NT arrays (at 60 min) shows the bubble-
ike CdSe nanoclusters, shown in Fig. 3(c). It is confirmed from
ig. 3(b) and (c) that the bubble-like CdSe nanoclusters are suc-
essfully embedded into the TiO2 NT arrays. For the bubble-like
dSe nanoclusters, secondary mono-disperse 3-D spheres formed

rom numerous primary nanocrystals. The CdSe for higher depo-
ack scattering SEM images of CdSe sensitized TiO2 NT arrays at various deposition

sition time creates uniform cover on the TiO2 NT surface which
hides the surface of the TiO2 NT arrays grains [38]. The average size
of the bubble-like CdSe nanoclusters is 60–300 nm. These results
are in good agreement with the back scattered FE-SEM images,
given in Fig. 3(d)–(f). The quantitative analysis of the CdSe sen-
sitized TiO2 NT arrays were carried out by using the help of back
scattered FE-SEM image. In these figures, the white objects are CdSe
nanoclusters and dark part is TiO2 NT surface. The CdSe nanoclus-
ters have a tendency to cover the whole TiO2 NT arrays surface with
the increase of deposition time. In this context, it is important to
be noted that the morphology of the TiO2-nanotube structure has
several advantages over TiO2 nanoparticle structure for the follow-
ing reasons. Vertically aligned TiO2 nanotube with pore diameter
∼60 nm ensure higher amount of CdSe deposition on inner TiO2
surface. Moreover, for this nanotube structure, electrolyte can pen-
etrate and come into the contact of CdSe surface even for sample
of longer CdSe-deposition time.
The bubble-like CdSe nanoclusters inside the TiO2 NT arrays
are also confirmed by the TEM images, shown in Fig. 4. Fig. 4(a)
shows the cross-sectional TEM image of CdSe nanoclusters sensi-
tized TiO2 NT arrays. It is confirmed that CdSe nanoclusters have
been covered whole surface area (including inner surface) of TiO2
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of CdSe sensitization on TiO2 NT arrays can be easily noticeable
from the difference of absorbance (�A) spectrum, where a broad
absorption peak, ranging from 400 to 615 nm has been observed. It
indicates that in this specific wavelength range CdSe is more pho-
toactive and mainly responsible for the electron generation. The �A
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ig. 4. TEM images of bubble like CdSe nanocluster sensitized TiO2 NT arrays: (a
anocluster, (c) HRTEM image of wurtzite CdSe nanocrystals, and (d) SAED pattern
o the web version of the article.)

T arrays, which is marked with red circle. It also shows the
ubble-like CdSe nanoclusters. Fig. 4(b) shows some bubble-like
dSe nanoclusters. The average diameter of the CdSe nanocluster

s 100–300 nm, which supports the FE-SEM data. The HRTEM image
f CdSe nanoclusters sensitized TiO2 NT arrays is given in Fig. 4(c). It
s confirmed that CdSe nanoclusters are wurtzite crystalline struc-
ure. The SAED pattern of CdSe nanocluster on the TiO2 NT array
hows the apparent ring diffraction patterns from the crystallinity
f the wurtzite CdSe nanoclusters as well as spot diffraction pat-
erns from the TiO2 NT arrays [39]. It shows the C(1 1 1), C(2 2 0)
nd C(3 1 1) crystalline wurtzite phases.

Fig. 5 shows the typical EDS pattern (obtained from FE-SEM
ttachment) with relative analysis of CdSe nanoclusters sensi-
ized TiO2 NT arrays with 60 min. Since this is typically a surface

easurement, the detected amount of Cd, Se increases and Ti, O
ecreases with increase of CdSe deposition time, shown in the
inset of Fig. 5) table. The Cd and Se are also confirmed inside the
iO2 NT by EDX (attachment of TEM microscopy), shown in that
entioned table.
The incorporated amount of CdSe in TiO2 NT arrays was eval-

ated using the absorbance of UV–vis spectrum. The absorption
pectra corresponding to the bare TiO2 NT arrays and CdSe nan-
clusters sensitized TiO2 NT arrays for different deposition times
re shown in Fig. 6(a). The bare TiO2 NT arrays show the absorp-
ion edge at 392 nm, which corresponds to 3.2 eV band gap. For

he CBD process, the growth of CdSe on TiO2 NT arrays is slow,
hich leads to low optical absorbance in inferred range. The opti-

al absorbance increases slowly with increase of deposition time
ith slight red-shift of the absorption edge. For the CdSe sensitized

1514131211109876543210

Table : Compositions (wt%)

Times         Ti        O        Cd        Se
20 min       61.76    24.56    8.93       3.14
40 min       51.93    25.84    13.39     7.13
60 min       10.80    4.66      47.38     36.9
60(TEM)    45.12   22.35    20.14     8.37
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ig. 5. EDS analysis of bubble-like CdSe sensitized TiO2 NTs at 60 min deposition
ime. Table (inset): chemical composition of Ti, O, Cd and Se in wt% from FE-SEM
nd TEM (only 60 min sample) microscopes.
s sectional view, red circle indicates the CdSe nanoclusters (b) bubble-like CdSe
interpretation of the references to color in this figure legend, the reader is referred

TiO2 NT arrays at 20 min, the band gap measured from the absorp-
tion edge (615 nm) is 1.952 eV, which is higher than the reported
for CdSe (60 min) in bulk (714.3 nm, 1.73 eV). The transmittance of
very thin (mildly) platinum is also shown in Fig. 6(a). The average
transmittance of platinum is 46.34%, so the light can easily transfer
through platinum counter electrode.

The effect of the sensitization on TiO2 photoelectrode was
probed by optical absorbance measurements in the wavelength
range, 400–900 nm. Fig. 6(b) shows the difference of opti-
cal absorbance [(�A) = (absorbance of CdSe sensitized TiO2 NT
arrays) − (absorbance of bare TiO2 NT arrays)] [38]. The effect
b

400 500 600 700 800 900
-0.1

0.0

0.1

0.2

0.3

0.4

0.5

0.6

 CdSe-20
 CdSe-40
 CdSe-60

D
iff

er
en

ce
 o

f a
bs

or
ba

nc
e,

 Δ
 A

 (a
.u

.)

Wavelength, λ (nm) 

Diff. of abs. = (abs. of CdSe sensitized TNTs) 
                       - (abs. of TNTs)

900800700600500400300
0.6

0.7

0.8

0.9

0

10

20A
bs

Wavelength, λ (nm)
 T

ra
n

Fig. 6. (a) Absorbance spectra of TiO2 NT arrays and CdSe sensitized TiO2 NT arrays;
and (b) difference of absorbance of TiO2 NT arrays without and with CdSe sensitiza-
tion at various deposition times of 20, 40, and 60 min.
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Table 1
Photovoltaic performance of CdSe sensitize solar cells.

Deposition times (min) VOC (mV) JSC (mA/cm2) FF (%) � (%)
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Fig. 7. (a) The IPCE spectra of bubble-like CdSe nanocluster sensitized solar cell; and
20 383.0 4.08 52.1 0.81
40 425.2 5.2 51.0 1.13
60 438.0 7.19 49.5 1.56

pectrum of bubble-like CdSe sample prepared at 60 min, shows
he higher value than the CdSe sample prepared at other deposi-
ion times. The difference of absorbance data has good agreement
ith the incident photon-to-current efficiency (IPCE) of solar cell.

Performance of the CdSe sensitized solar cells can be quanti-
ed on a macroscopic level in terms of IPCE, which gives the ratio
etween the number of generated charge carriers contributing to
he photocurrent and the number of incident photons, as given by
40]:

PCE (%) =
(

1240 × JSC

�Pin

)
× 100% (5)

here JSC is the photocurrent density, Pin is the intensity of the light,
nd � is the wavelength of the incident light, respectively. The IPCE
s a function of the wavelength of monochromatic irradiation is
hown in Fig. 7(a). The average IPCE value of CdSe sensitized solar
ell with 60 min sample is about 50.2% around the 400–570 nm.
he IPCE spectrum shows two peaks, 61.5% and 48.3% at 446.5 and
28.3 nm, respectively. The position of these peaks is similar to CdSe
bsorbance, given in Fig. 6(b).

Another important parameter for a solar cell is its photoelectric
onversion efficiency, i.e. the ratio of the output power to the inci-
ent power. The efficiency � of the CdSe sensitized solar cell can be
alculated from the expression [41]:

= JSCVOCFF

Pin
(6)

here JSC is the integral photocurrent density, VOC is the open-
ircuit voltage, and FF is the fill factor, FF = (I × V)max/ISCVOC. Fig. 7(b)
hows the photocurrent−photovoltage characteristics of bubble-
ike CdSe nanoclusters sensitized solar cell in the 100 mW/cm2 light
llumination. The performance of the CdSe sensitized solar cells is
ummarized in Table 1. It is important to notice that the bubble-like
dSe nanoclusters sensitized solar cell at 60 min shows a maximum
of 1.56%, VOC of 438 mV and JSC of 7.19 mA/cm2. The efficiency,

hotovoltage and photocurrent density decrease with decrease of
dSe deposition time. The CdSe sensitized solar cell at 20 min depo-
ition shows � of 0.81%, VOC of 383 mV and JSC of 4.08 mA/cm2, but it
as the maximum fill factor of 52.1%. The fill factor decreases from
2.1% to 49.5% with increase of deposition time.

Fig. 7(c) shows the dark current characteristics of CdSe sensi-
ized solar cell. We knew that the I−3 could be penetrate into the
orous inorganic semiconductor electrode, the electrons in con-
uction band of the n-type semiconductor could reduce the I−3 to
I− at specific potential, which generates dark currents. This was

llustrated in the following equations [42]:

e−
cb

(TiO2 or CdSe) + I−3
Ket[I−

3
]

−→ 3I− (7)

In DSC, the recombination mainly involved in two processes: the
hotoinduced electrons recombined with the oxidized sensitizer
nd/or with I−3 in the electrolyte. The dark current typically repre-
ents the recombination between the electrons in the conduction

−
and and the I3 . In Fig. 7(c), the dark current of CdSe sensitized solar
ell at 60 min is smaller than that of CdSe sensitized solar cells at
0 and 40 min. It is clearly indicates that the bubble-like CdSe nan-
clusters sensitized solar cell improved both the charge-collection
fficiency and the reduction of the charge recombination [32].
I–V characteristics of bubble-like CdSe nanoclusters sensitized solar cell at various
deposition times of 20, 40, and 60 min in: (b) 100 mW/cm2 of light, and (c) dark
condition.

Fig. 8(a) shows measurements of the rise and fall of the pho-
tocurrent during on–off cycles of light illumination (100 mW/cm2).
For both (rise and fall) cases, the time for changing the total pho-
tocurrent of solar cell at 60 min to 95% and more, is∼2.1 s faster than

that of solar cell at other deposition times. Moreover, the CdSe layer
on TiO2 NT arrays is responsible for the faster response [43] due to
a reduced recombination process. In the presence of a CdSe thin
layer on TiO2 NT arrays at 60 min, a 45% increment of photocurrent
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Table 2
Comparative study of bubble-like CdSe nanoclusters sensitized solar cell with other CdSe sensitized solar cells, reported by some groups.

CdSe sensitizer VOC JSC FF � (%) IPCE (%) Reference

Bubble-like /TiO2 NTs 438 7.19 49.5 1.56 50.2 Present study
Nanocrystals/ZnO nanorods 0.43 3.1 0.34 Tang et al. [21]
QDs/TiO2 NTs/Ti 0.60 2.4 0.7 25 Kongkanaed et al. [28]
QDs/TiO2 NPs/OTE 0.58 2.0 0.6 45 Kongkanaed et al. [28]
QDs/ZnO/TiO2 NTs 0.67 2.73 0.58 1.07 36 Lee et al. [30]
QDs/TiO2 NTs 0.64 2.33 0.56 0.85 28 Lee et al. [30]
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s achieved compared to lower deposition time. The photocurrent
ncreases with increase of deposition time. The on–off cycles of illu-

ination further demonstrate the reproducibility and stability of
he photocurrent response of CdSe nanoclusters sensitized solar
ells.

Moreover, the photovoltage decay rate is directly related to the
lectron lifetime by the expression [44]:

n = −kBT(dVOC/dt)−1

e
(8)

here the thermal energy is given by kBT, e is the elementary

harge, and dVOC/dt is the derivative of the open circuit voltage tran-
ient. Fig. 8(b) is the plot of the response time obtained by applying
his equation to the voltage decay (not shown). The CdSe nan-
clusters sensitized solar cell at 20 min sample shows the shorter
ifetime, but the bubble-like CdSe nanoclusters sensitized solar cell
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ig. 8. (a) Photocurrent response of bubble-like CdSe nanoclusters sensitized solar
ell, and (b) electron lifetime of these solar cells.
8 0.69 25 Lee et al. [30]
30 Shen et al. [45]

0.4 18 Leschkies et al. [46]
1 1.17 36 Lee et al. [47]

at 60 min sample exhibits superior recombination characteristics,
with the longer lifetimes indicating lower recombination rate.

Table 2 shows the comparative photovoltaic performance of
bubble-like CdSe nanoclusters sensitized solar cells with the
solar cells which are already reported by some research groups
[28,30,45–47]. The bubble-like CdSe nanoclusters sensitized solar
cell has been showed better photovoltaic performance than the
solar cells reported by others. The efficiency (1.56%) of bubble-
like CdSe sensitized solar cells has been enhanced (∼1.33 times)
than other solar cells [21,28,30,45–47]. Comparing to other solar
cells [21,28,30,45–47], the bubble-like CdSe nanoclusters sensi-
tized solar cells shows more than double photocurrent density
(7.19 mA/cm2), which may be due to the bubble-like structures of
CdSe nanoclusters. The photovoltage and FF are lower value due
to use different electrolyte (2 M Na2S and 3 M S). The average IPCE
value, 50.2%, which is highest value among all solar cells reported in
Table 2. So, bubble-like CdSe nanoclusters are more effective sensi-
tizer to improve photoelectric conversion efficiency, photocurrent
density, high charge separation and low recombination process and
long lifetime from above discussion,

4. Conclusion

Highly aligned TiO2 NT arrays were successfully synthesized on
Ti sheet by using self-organized anodic oxidation method and TiO2
NT arrays were sensitized with CdSe nanoclusters by CBD tech-
nique at different deposition times of 20, 40 and 60 min. This CBD
technique ensure slow and uniform generation of Cd2+ and Se2−

throughout the volume of the solutions allowing the ion by ion
growth mechanism which leads to novel bubble like structure. The
bubble-like CdSe nanoclusters sensitized solar cells fabricated with
deposition time 60 min shows the higher photoelectric conver-
sion efficiency of 1.56%, IPCE of 50.2% and photocurrent density
of 7.19 mA/cm2 than the solar cells reported by the other groups.
The electron lifetime has been improved in this solar cell that can
be correlated to the higher surface coverage by the CdSe nanoclus-
ters. However, the performance of bubble-like CdSe nanoclusters
sensitized solar cells is still not very high, which is mainly due to
the reduction of intensity of light for the case of backside illumina-
tion where light needs to pass through both the counter electrode
and electrolyte.
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